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UKRAINE-USA  SUMMER  SCHOOL  ON 
CHEMISTRY  AND  PHYSICS  OF  SURFACES 
4-10  September  1994  Kiev^  Ukraine 


On  behalf  of  the  International  Organizing  Committee  and  the  Program  Committee  it  is  our  pleasure 
to  introduce  the  first  Ukrainian-USA  Summer  School  on  Chemistry  and  Physics  of  Surfaces  (CPS-94). 
It  was  organized  by  National  Kiev  University  and  Ukraine  Physical  Society  and  continues  a  series  of 
schools  jointly  established  by  Ukrainian  and  American  Physical  Societies  in  1993  sponsored  by  Interna¬ 
tional  Science  Foundation  (USA)  and  the  Army  Research  Office  (USA). 

The  scientific  program  of  the  CPS-94  was  organized  by  an  International  Program  Committee: 
V.V.Skopenko  (T.Shevchenko  University,  Kiev,  Ukraine),  B.S.Hudson  (University  of  Oregon,  Eugene, 
OR,  USA),  A.A.Chuiko  (Institute  for  Surface  Chemistry,  Kiev,  Ukraine),  A.I.Khizhnyak  (Institute  of 
Physics,  Kiev,  Ukraine),  Yu.G.Ptushinsky  (Institute  of  Physics,  Kiev,  Ukraine),  V.V.Soukhan 
(T.Shevchenko  University,  Kiev,  Ukraine),  V.V.Strelko  (ISEP,  Kiev,  Ukraine).  Organizing  Committee 
of  the  school  was  included  V.N.Zaitsev  (National  University,  Kiev,  Ukraine),  D.E.Bergbreiter  (Texas 
A&M  University,  USA),  V.O. Andreev  (Ukrainian  Physical  Society,  Ukraine),  L.V.Poperenko  (Kiev 
University,  Ukraine),  V.Yu.Reshetniak  (Institute  for  Surface  Chemistry,  Ukraine),  V.A.Tertych  (Insti¬ 
tute  for  Surface  Chemistry,  Ukraine).  It  was  designed  so  as  to  combine  interests  of  chemists  and 
physicists  and  the  following  topics  were  addressed  by  participants:  Surface  modification;  Applications 
of  modified  surfaces  for  HPLC  phases,  adsorbents,  catalysts,  sensors  etc.;  Surface  induced  properties  of 
systems;  Chemical  and  physical  processes  on  surfaces;  Modem  methods  for  surface  analysis  and  charac¬ 
terization;  Self  assembly  on  solid  materials. 

The  scientific  program  consisted  of  lectures  and  poster  presentations.  The  CPS-94  included  special 
sessions  with  introductory  lectures  discussing  fundamental  problems  and  techniques  in  surface  charac¬ 
terization,  in  surface  modification  and  in  studies  of  reactions  at  gas/solid  and  liquid/solid  interfaces. 

In  order  to  involve  maximum  graduate  student  participation,  the  organizing  committee  offered 
graduate  students  free  admission.  Moreover,  all  participants  from  CIS  countries  received  grants  that 
covered  all  expenses  connected  with  the  meeting:  organizing  fee,  travel,  accommodation  and  per  diem 
cost.  These  expenses  were  covered  by  a  grant  from  the  International  Science  Foundation  (USA).  The 
School  v/as  also  sponsored  by  US  Army  Research  Office  (American  and  European  divisions).  These 
funds  allowed  us  to  invite  advanced  scientists  to  Kiev  and  to  pubhsh  the  CPS-94  materials.  The  Organiz¬ 
ing  committee  also  offered  15  awards  for  poster  contributors  to  recognize  the  best  presentation. 

The  school  program  consisted  45-60  minute  lectures: 

Begrambekov  L.B.  (Moscow  Physical  Engineering  Institute  Plasma  Phys.Dept.)  Surface  interaction  in 
model  thermonuclear  set-up. 

Bergbrciter  D.E.  (Dept. of  Chem.,  Texas  A&M  University,  College  station)  Synthesis  and  charac- 
tei.  iiion  at  functionalized  polymer-solvent  interfaces. 

Ferguson  Gregory  (Department  of  Chemistry,  Lihigh  University)  Mosaic  tiling  in  molecular  dimen¬ 
sions:  chemical  approaches  to  nanostructural  thin  films. 

Golub  A. A.  (Shevchenko  University,  Kiev)  Quantum  chemical  methods  for  prediction  of  immobilised 
molecules  interactions. 

Gritsyna  V.T.  (Kharkov  State  University)  Ion  beam  modification  of  complex  oxide  surfaces. 
Kalibabchuk  V.A.  (Kiev  Medical  University)  Polymers  for  medical  application 
Kamalov  G.L.  (Physico-Chemical  Institute,  Odessa)  Interaction  of  macrocyclic  Shiff  bases  with  silica. 
KartelN.T.(Institute  for  Sorption  &  Endoecology,  Kiev)  Physico-chemical  properties  of  synthetic  car¬ 
bons  and  their  medical  application. 

Kholin  Yu.V.  (Kharkov  State  University)  Quantitative  physico-chemical  analysis  of  chemisorption  on 
complexing  silicas. 

Korobov  A.I.  (Kharkov  State  University)  The  rate  of  a  surface  reaction  in  terms  of  Dirichlet  domains. 
Loshkaiyov  Yu.M.  (Dniepropetrovsk  State  University)  The  role  of  adsorption  phenomena  in  the  metals 
electrodeposition  process. 

Mardegov  A.S.  (Inst,  of  Semiconductors  Physics)  The  condition  of  ellipsometry  in  situ  at  deposition  of 
solid  solution  film  of  CdHgTe  by  molecular  beam  epitaxy  method. 
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Milhofer  Helga  (The  Hebrew  University  of  Jerusalem)  Interaction  of  macromolecules  and  molecular 
assembling  at  crystal/solution  interfaces. 

Paradies  H.  Henrich  (Markische  Fachhochschule  Biotechnology  and  Physical  Chemistry)  Internal  chain 
dynamics  in  polymer-like  distearyldimethyl  ammonium  hydroxide  (DSDMA  OH)  chains  and  their 
interaction  with  surfaces. 

Pidzyraylo  M.S.  (Lviv  State  University,  Physics  Dept.)  Using  of  the  modified  substrate  surfaces  for 
obtaining  high-resolution  cathodoluminescent  screens. 

Pinkevich  I.P.  (Kiev  University  Physics  Dept.)  Interaction  with  surface  and  structure  of  director  field  in 
liquid  crystal  cells  containing  disclinations  or  spherical  particles.  Influence  on  optical  properties. 
Podlipenets  A.N.  (Department  of  Electroelasticity,  Institute  of  Mechanics,  Kiev)  Long-wavelength  pho¬ 
nons  in  superlattices:  Hamiltonian  system  formalism. 

Poperenko  L.V.  (Kiev  University  Physics  Dept.)  Evolution  of  the  near-surface  structure  in  amorphous 
metalic  alloys. 

Reznikov  Yu.  A.  (Institute  of  Physics,  Kiev)  Electrical  control  of  light  scattering  in  suspension  of  liquid 
crystal-silica. 

Rustichelli  F.  (Institute  di  Scienze  Fiziche)  Structural  properties  of  monolayers  and  multilayers  of 
bipolar  lipids  from  thermophilic  bacteria. 

Shgikevich  LA.  (Kiev  University  Phys.Dept.)  Electronic  properties  investigation  of  metals  by  spectro 
ellipsometry  with  surface  polariton  excitation. 

Sheka  E.F.  (Russian  University  of  Peoples  Friendship,  Moscow)  Surface  of  disperse  silica:  reality  and 
computer  simulation. 

Strelko  V.V.  (Institute  of  Sorption  and  Endoecology  problems)  Surface  chemistry  and  affinity  of 
inorganic  ionites  to  cations  and  anions, 

Styrov  V.V.  (Priazovsky  State  Technical  University)  The  phonon,  electron  and  atomic  emission  from  the 
surfaces  of  solids  during  adsorption  and  heterogeneous  chemical  reactions. 

Tertych  V.A.  (Institute  for  Surface  Chemistry,  Kiev)  Chemical  reactions  on  a  silica  surface. 

Voytsenja  V.S.  (Physical -Technical  institute,  Kharkov)  The  change  of  optical  properties  of  metallic 
mirrors  at  ion  bombardment. 

^^te  John  M.  (Dept. of  Chemistry  University  of  Texas  at  Austin)  Photon  and  electron  driven  reactions 
on  single  crystal  metals. 

Yashchuk  V.N,  (Kiev  University)  The  catch  of  triplet  exitons  by  molecular  oxygen  on  surface  of 
aromatic  polymers. 

Yates  John  T.Jr.  (Surface  Science  Center,  Dept.of  Chemistry  University  of  Pittsburgh)  Reactions  on 
semiconductor  surfaces  —  studies  at  the  atomic  level. 

Yatsimirsky  K.B.  (Institute  of  Physical  chemistry,  Kiev)  Determinated  chaos  in  chemistry. 

Yatsimirsky  V.K.  (Shevchenko  University,  Kiev)  Adsorbents  and  catalysts  investigation  by  means  of 
termoprogrammimg  desorption. 

More  then  140  participants  was  registrated  and  more  then  a  hundred  posters  were  presented.  As  is 
evident  from  the  list  of  participants,  the  school  was  truly  international  in  scope.  Participants  came  not 
only  from  the  USA  and  Ukraine  but  also  from  Israel,  Italy,  Germany  and  Russia.  This  is  evidence  of  the 
international  recognition  of  Kiev  as  a  center  for  advance  research  in  surface  chemistry  and  physics. 

We  believe  that  CPS-94  expanded  international  scientific  collaboration  for  Ukrainian  research 
organisations  and  participants  and  promoted  integration  of  the  Ukraine  into  the  international  scientific 
community. 


Organizing  committee  chairmen, 
Prof.  David  E.Bergbreiter, 
Prof.  Vladimir  N.Zaitsev 
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Organic  chemistry  at  functionalized  polymer/surface 

interfaces 

D.E.Bergbreiter,  H.N.Grray  and  B.Srinivas 

Department  of  Chemistry,  Texas  A&M  University, 

College  Station,  Texas  77843-3255  U.S.A. 

The  chemistry  of  surface-modified  polymers  is  discussed.  General  analytical  problems,  general  synthetic 
strategies  for  polymer  surface  modification  are  discussed  along  'vith  specific  analytical  and  synthetic 
approaches  for  surface  modification  of  polyolefins.  Chemistry  leading  to  surface  grafting  of  polyethylene 
films  is  emplasized  along  with  some  discussion  of  fluorescence  probes  of  solvation  and  reactivity  at  the 
functionalized  and  later  suface-grafted  polyethylene  film  surfaces. 

06roBopioioTbCH  npo6jieMH  xiMii  noJiiMepifi  3  Mo;a[H(J)iKOBaHHMH  noBepXH5iMH.  Po3rjWHyro  3arajibHi 
npo6jieMH  ananisy  i  cHHTe3y  ctocobho  ao  M0AH(j)iKyBaHH5i  noBepxHi  nojiiMepiB,  a  TaKO)K  cneqH(t)iHHi 
aHajiixHHHi  xa  cHHxexHHHi  nnxaHHH,  md  cxocyioxbCH  noBepxneBoi  MO^HcjiiKauh  nojiiojie4)iHiB.  OcofijiHBy 
yBary  npHAijieno  xiiMiHHHM  npoitecaM  npnmenJieHHH  pi3HHX  (jiyHKuioHajibHHX  rpyn  Jio  noBepxni 
nojiiexHJienoBHX  hjiIbok  xa  poarjiany  aacxocyBaHHJi  (jiJiyopecqeHXHUx  30H,aiB  fljw  cojibBaxauii  i 
peaKuiuHoi  3)[taxHocxi  njiiBOK,  o6po6jieHHX  3  Mexoio  cxB0peHH5!  Ha  hhx  (JiyHKqioHajibHHX  ipyn  3 
HacxynHHM  npHiqenjieHHiiM  MO)^H(J)iKaxopiB. 

Polymers  are  macromolecules  that  find  appli¬ 
cations  in  varied  technologis  such  as  plastics, 
coatings,  packaging,  textiles  and  medicine.  Poly¬ 
mers  typically  have  good  mechanical,  electrical, 
thermal,  optical  and  chemical  properties.  How¬ 
ever,  these  properties  mainly  derive  from  a  poly¬ 
mer’s  bulk  properties.  In  polymer  applications 
involving  wettability,  adhesion,  penneability, 
friction,  dyeing,  and  biocompatibility,  a  poly¬ 
mer’s  surface  chemistry  is  more  important.  This 
has  led  to  increasing  interest  in  surface  modifica¬ 
tion  of  polymers  [1 — 3]. 

While  the  technological  importance  of  surface 
chemistry  is  clear,  what  constitutes  a  polymer’s 
“surface”  is  less  clear.  This  is  especially  true  when 
considering  polymer/solvent  interfaces  [5].  Poly¬ 
mers  unlike  metals  or  amorphous  glasses  interact 
with  a  second  condensed  phase.  Thus,  the  defini¬ 
tion  of  what  constitutes  the  “surface”  of  a  poly¬ 
mer  depends  both  on  what  phenomena  one 
chooses.  Furthermore,  the  techniques  used  to 
characterize  a  polymer’s  surface  sample  deal  with 
various  depths  of  the  polymer  (Fig.  1).  Thus,  how 
one  carries  out  a  study  and  the  techniques  used 


also  affect  one’s  definition  of  a  polymer’s  “sur¬ 
face”. 

The  techniques  most  commonly  used  in  sur¬ 
face  analysis  of  polymers  include  contact  angle 
analysis,  XPS  spectroscopy  and  ATR-IR  spec¬ 
troscopy.  As  shown  in  Fig.l,  each  of  these  tech- 


Contact  Angle  Interface  (<  5  A) 
XPS  Interface  (<  100  A) 


ATR-IR  Interface  (ca.  10000  A) 


Bulk  Polymer 

Fig.l.  Schematic  diagram  illustrating  the  interfacial 
nature  of  a  surface-functionalized  polymer  and  the 
nominal  depth  assayed  by  various  analytical  tech¬ 
niques. 
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niques  analyzes  a  different  depth  of  a  surface 
functionalized  polymer. 

A  number  of  problems  are  encountered  in  the 
analysis  of  modified  surfaces.  Characterization  of 
surface  functionality  is  difficult  due  to  the  low 
concentration  of  functional  groups.  It  is  equally 
problematic  to  distinguish  the  surface  from  bulk 
polymer.  The  3*dimensional  spatial  distribution 
of  the  functional  groups  in  the  surface  is  an  im¬ 
portant  consideration  in  surface  analysis.  One  has 
to  also  be  cautious  about  sample  contamination. 
Sample  roughness  and  surface  stability  (e.g.  re¬ 
construction)  complicate  analyses  of  surface 
modifications.  Relatively  few  techniques  exist 
that  can  be  used  to  analyze  the  2-dimensional  dis¬ 
tribution  or  morphology  of  functionalized  sur¬ 
faces.  This  is  especially  true  for  surfaces  in 
contact  with  a  second  liquid  phase. 

One  of  the  most  surface- sensitive  and  simplest 
analytical  instruments  is  the  contact  angle  go¬ 
niometer.  Contact  angle  analyses  probe  the  top 

few  A  of  a  surface.  In  this  technique,  a  drop  of  a 
liquid  is  placed  on  a  solid  surface  to  measure  the 
contact  angle  of  the  surface  with  respect  to  that 
liquid.  A  schematic  representation  of  a  sessile 
drop  on  a  sohd  surface  is  shown  below  in  Fig. 2 
[2].  Contact  angles  are  related  to  interfacial  free 
energy  and  therefore  provide  qualitative  informa¬ 
tion  about  a  surface  [4].  For  example,  a  low  en¬ 
ergy  surface  is  hydrophobic  and  has  a  high 
contact  angle  with  water  while  a  high  energy  sur¬ 
face  has  a  low  contact  angle  water  and  is  hydro¬ 
philic.  The  situation  of  complete  wetting  is  not 
ofterx  met  with  polymers  because  their  surface 
tensions  are  small  (between  10  and  50  dynes/cm  ). 
The  contact  angle  data  are  complicated  in  poly¬ 
mer  samples  by  the  presence  of  multiple  species 
present  in  the  surface,  each  of  which  contribute  to 
the  energy  of  the  surface.  An  additional  problem 
is  surface  roughness,  encountered  with  all  non 
ideal  surfaces. 

X-ray  photoelectron  spectroscopy  (XPS)  is 
another  versatile  tool  to  determine  the  atomic 

O 

composition  of  the  top  50  A  of  the  surface  [5],  In 
XPS  the  sample  surface  is  illuminated  with  a 
source  of  X-rays.  Photoionization  of  a  core  level 
electron  from  surface  atoms  then  occurs.  The 
photoelectrons  formed  have  a  kinetic  energy  E 
which  is  related  to  the  X-ray  energy  (hv)  by  the 
Einstein  relation  (equation  1) 

E  =  hv-E^-^  (0 

where  Eb  is  the  binding  energy  of  the  electron  in 
the  material  and  is  characteristic  of  the  individual 
atom  and  (J)  is  the  work  function  of  the  instrument 


Fig.2.  Sessile  drop  showing  surface  tensions  acting  in 
all  three  phases  present. 


[6].  Information  about  the  binding  energies  of 
electrons  within  a  sample  thus  allows  direct  ele¬ 
mental  analysis.  Chemical  shifts  also  provide  in¬ 
formation  about  the  chemical  environment  of 
specific  atoms. 

XPS  can  also  be  used  m  determining  the  con- 

o 

centration  profile  of  a  species  over  the  top  50  A  of 
the  surface.  In  angular  dependent  studies,  the 
takeoff  angle  between  the  sample  surface  and  the 
electron  analyzer  is  varied.  Since  electron  mean 
free  paths  are  short,  a  grazing  exit  angle  enhances 
surface  features  compared  with  a  takeoff  angle 
normal  to  the  surface  as  shown  in  Fig. 3.  In  most 
commercial  spectrometers,  the  angle  between  the 
X-ray  source  and  the  analyzer  is  fixed.  Therefore 
provisions  are  made  for  the  sample  holder  to  be 
tilted  to  facilitate  depth  profile  studies.  An  alter¬ 
native  destructive  method  of  depth  profiling  is  to 
use  ion  sputtering,  which  physically  etches  away 
the  surface  before  analysis  by  XPS  spectroscopy. 

Infrared  spectroscopy  (IR)  is  one  of  the  most 
infoiTnative  techniques  in  the  study  of  the  physi¬ 
cal  and  chemical  nature  of  polymers.  Surface  IR, 
also  known  as  attenuated  total  reflectance  (ATR) 
spectroscopy,  has  become  an  indispensable  tool 
for  surface  analysis.  Though  the  sampling  depth 
of  ATR-IR  spectroscopy  is  much  deeper  than 
XPS  (~1  ^rn),  it  is  a  convenient  technique  to 
study  functional  groups  at  depth  greater  than 

100  A. 

Other  techniques  like  ellipsometry,  electron 
microscopy,  Auger  electron  spectroscopy,  and 
Rutherford  back  scattering  are  also  available  for 
surface  analysis.  Indeed,  more  than  one  technique 
is  usually  used  to  probe  a  modified  surface.  Com¬ 
plementary  data  obtained  from  more  than  one 
technique  give  a  better  picture  of  the  system  un¬ 
der  study.  The  choice  of  a  particular  technique 
for  analysis  is  dictated  by  several  factors  such  as 
the  sensitivity  of  the  technique,  the  presence  of 
identifiable  functional  groups,  the  depth  of  analy¬ 
sis,  the  stability  of  the  surface  to  the  analytical 
technique  and  the  availability  of  proper  instioi- 
mentation. 
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Fig. 3,  Angular  dependent  studies  for  samples  in  which 
angle  0  with  respect  to  the  sample  surface. 

In  our  work,  we  have  also  found  that  analyti¬ 
cal  techniques  such  as  fluorescence  and  ESR  spec¬ 
troscopy  are  also  very  useful.  Though  neither  of 
these  techniques  are  surface  selective,  their  use  in 
cojunction  with  appropriate  chemistry  in  polymer 
suspensions  provides  insightful  information.  The 
information  obtained  by  these  spectroscopies 
provides  data  about  modified  polymer  surfaces  in 
contact  with  solvents  and  reagents.  Examples  of 
such  approaches  are  discussed  below. 

Chemical  modification  of  polymer  surfaces 
has  an  extensive  literature  [8-13].  Substrates  for 
this  chemistry  can  be  divided  into  two  groups. 
One  group  includes  reactive  polymers  with  reac¬ 
tive  functionality  in  their  backbone.  This  includes 
polymers  like  polyesters,  polyamides  and 
polyamides  and  polyanhydredes.  The  second 
group  would  include  unreactive  polymers  like 
polyolefins  or  PTFE.  Tl^e;  lack  of  reactive  func¬ 
tionality  makes  modification  of  these  polymers 
more  difficult  and  challenging  and  it  is  this  type 
of  chemistry  and  the  issues  involved  that  will  be 
the  focus  of  the  following  discussion. 

The  most  common  approaches  to  modifica¬ 
tion  of  polyolefins  involve  gas  phase  chemistry 
[12].  This  is  most  convenient  industrially.  How¬ 
ever,  such  approaches  are  best  suited  for  simple 
mofifications.  Synthetically  more  elaborate  pro¬ 
cedures  or  those  designed  to  introduce  spectro¬ 
scopic  labels  to  study  surface  chemistry  and 
surface — solvent  interactions  often  require  a 
more  sophisticated  organic  synthesis  like  liquid 
phase  chemical  treatments. 

The  classical  approach  to  liquid  phase  modifi¬ 
cation  of  a  polyolefin  is  oxidative  etching.  For 
example,  oxidation  of  LDPE  with  Cr03/H2S04 
at  70  °C  introduces  ketone  and  carboxyl  groups 
onto  polyethylene  surface  [13].  Synthetic  conver¬ 
sions  of  carboxylic  acids  are  well  established  in 


spectra  are  studied  as  a  function  of  the  electron  takeoff 

organic  chemistry  and  have  been  employed  to 
further  derivatize  these  oxidized  surfaces.  Al¬ 
though  this  functionalization  procedure  is  effec¬ 
tive,  the  main  drawback  is  that  extensive  pitting 
and  chain  scission  are  observed  under  such  vigor¬ 
ous  conditions  [14].  Nonetheless,  this  chemistry 
has  proven  very  useful  in  carrying  out  fundamen¬ 
tal  molecular  level  studies.  Many  of  these  studies 
were  performed  on  the  derivatized  surface  by 
measuring  water  contact  angles.  These  studies  in¬ 
clude  some  of  the  most  detailed  works  on  the 
chemistry  of  functional  groups  at  polymer-sol¬ 
vent  interfaces.  For  example,  the  effects  of  pH  on 
ionizable  functional  groups  and  the  distinct  dif¬ 
ferences  between  acid-base  chemistiy  at  surfaces 
versus  solution  have  been  elegantly  examined. 

Various  alternatives  to  this  harsh  etching 
chemistry  have  been  explored.  For  example,  our 
group  examined  models  of  biooxidants  as  an  al¬ 
ternative  reagent  for  polyolefm  surface  function¬ 
alization  [16],  This  work  used  the  Gif  system 
initially  developed  by  Barton  as  a  model  of  meth¬ 
ane  monooxygenase  chemistry  [17].  We  used  two 
systems.  In  the  first  one,  a  polyethylene  or 
polypropylene  film  was  suspended  in  pyridine 
containing  the  iron  catalyst  [Fe30(0C0CH3)6l, 
zinc  powder,  acetic  acid  and  a  small  amount  of 
water.  The  reaction  suspension  was  stirred  and 
aerated.  Zinc  powder  was  used  as  a  heterogene¬ 
ous  agent  to  reduce  oxidized  iron  species.  The 
second  system  used  ferric  chloride-picolinic  acid- 
hydrogen  peroxide  in  pyridine.  Modest  amounts 
of  oxidation  were  reflected  by  small  changes  in 
the  water  contact  angle  for  the  product  polyolefin 
films.  Further  confirmation  of  surface  oxidation 
was  obtained  by  chemical  derivatization.  Earlier 
oxidation  studies  on  using  the  Gif  system  had 
shown  that  this  oxidation  yielded  ketones  from 
saturated  hydrocarbons  [17].  Therefore,  function- 
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alized  films  were  reduced  with  BH3-<Vie2S  and 
then  treated  with  trifluoro acetic  anhydride  to  test 
for  the  presence  of  hydroxyl  groups  from  car¬ 
bonyl  reduction.  Surface  analysis  by  X-ray  pho¬ 
toelectron  spectroscopy  confirmed  the 
incorporation  of  fluorine  on  the  modified  surface. 
The  reduced  films  were  also  treated  with  pyrene 
butyric  acid  chloride.  Fluorescence  spectroscopy 
of  the  product  film  showed  that  pyrene  ester 
groups  had  been  incorporated  onto  the  films’  sur¬ 
face  and  supported  the  conslusions  from  XPS 
studies.  Together,  these  labeling  experiments 
strongly  supported  the  contact  angle  evidence  for 
oxidation  by  the  Gif  system.  Overall,  these  stud¬ 
ies  show  that  organometallic  C — H  bond  activat- 


Suzuki  and  others  to  graft  acrylamide  onto  a 
polyethylene  film  [19].  Polyethylene  film  in  air 
can  also  b.e  irradiated  with  y-rays  from  to 
yeild  surface  bound  peroxides.  The  resulting  per¬ 
oxide  groups  can  then  be  used  in  surface  grafting 
chemistry. 

A  more  selective  approach  to  surface  grafting 
developed  by  Ranby  uses  UV  light  and  an  intitia- 
tor  to  selectively  generate  surface  radicals  from 
polyolefins  by  a  0—H  bond  scission  [20].  In  this 
chemistry,  benzophenone  was  used  to  absorb 
light  and  to  form  a  triplet  excited  state.  The  ex¬ 
cited  triplet  so  formed  then  abstracts  hydrogens 
from  a  polyolefin  substrate  forming  radical  sites 
for  graft  polymerization  (equation  2). 


1 


Ph^ ^Ph 


hv 

- ► 


[  ^ 

Ph^  ^Ph 


-  '■  ■< — - - 


-[CHjCHln- 


(2) 


ing  agents  can  be  employed  to  functionalize  both 
polyethylene  and  polypropylene  surfaces  though 
the  extent  of  functionalization  was  disappoint¬ 
edly  low. 

A  surface  modified  with  hydrophilic  groups 
has  a  high  surface  energy.  Reorganization  of 
functional  groups  at  the  surface  move  into  the 
nonpolar  polymer  matrix  will  result  in  lowering 
of  surface  energy  and  a  loss  in  wettability  [18]. 
This  possibly  transient  and  history  dependent  na¬ 
ture  of  a  functionalized  surface  can  be  a  problem 
in  surface  modification.  Such  reorganization  can 
be  minimized  by  having  longer  hydrophilic  grafts 
whicli  have  a  lesser  probability  of  diffusing  into 
the  bulk  polymer.  However,  such  surface  graft 
polymerization  requires  initiation  sites  on  the 
polymer  surface.  Chemistry  to  generate  such  sites 
has  been  a  theme  in  both  our  work  and  that  of 
others  as  is  discussed  below. 

When  high  energy  radiation  impinges  on  a 
polymeric  material,  free  radicals  are  generated  on 
the  surface  which  form  peroxides  in  the  presence 
of  oxygene.  This  methodology  has  been  used  by 


A  final  example  of  the  use  of  established  syn¬ 
thetic  methodology  to  initate  grafting  onto  poly¬ 
meric  substrates  is  our  work  using 
thiohydroxamic  acid  esters  as  initiators  (equation 
3)  [21].  This  work  showed  that  photolysis  of  these 
esters  generated  surface  bound  methylene  radicals 
which  initiated  graft  polymerizations  using  vinyl 
monomers.  A  semi-quantitative  estimate  of  the 
polymerization  degree  was  obtained  from  IR 
analyses  of  the  residual  carbonyl  intensity  to  the 
intensity  of  IR  bands  from  the  graft  polymer. 
Monomers  Like  acrylonitrile,  styrene,  ethyl  acry¬ 
late,  glycidyl  acrylate  and  methacrylonitrile  were 
ail  successfully  grafted  onto  polyethylene  in  this 
way. 

While  chemical  derivatization  of  preformed 
films  has  proven  to  be  a  useful  method  to  func¬ 
tionalization  and  grafting,  most  of  our  work  has 
emphasized  a  physical  blending  approach  we  call 
entrapment  functionalization  [22].  In  this  process 
(Sheme  I),  a  low  molecular  weight  functionalized 
polyethylene  and  a  high  molecular  weight  com¬ 
mercial  polyethylene  are  dissolved  and  co-precipi- 


Scheme  1.  Entrapment  functionalization  of  polyethylene  by  PEOlig  derivatives. 
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tated  from  hot  toluene.  The  low  molecular  weight 
oligomer  is  synthesized  by  anionic  ohgomeriza- 
tion  and  can  contain  a  wide  range  of  functional 
groups,  spectroscopic  labels  or  block  cooligomers 
at  its  terminus.  Surface  segregation  of  this  low 
molecular  weight  additive  during  blending  leads 
to  the  desired  surface-functionalized  polymer,  as 
spectroscopic  and  reactivity  studies  showed. 

Block  cooligomers  of  ethylene  and  ethylene 
glycol  prepared  according  to  equation  4  [23]  can 
be  blended  into  virgin  polyethylene  to  produce  a 
surface  functionalized  film.  The  surface  selectiv¬ 
ity  of  the  process  with  respect  to  varying  size  of 
poly(ethylene  glycol)  Wocks  and  varying  amounts 
of  the  block  cooligomer. used,  have  been  studied 
using  contact  angle  measurements,  variable  angle 
XPS,  and  variable  angle  ATR-IR  spectroscopy 
[24].  Studies  incorporating  a  fluorescent  pyrene 
label  at  the  terminus  of  the  poly(ethylene  glycol) 
block  of  a  diblock  polyethylene-poly  (ethylene 
glycol)  copolymer  (equation  4)  successfully  used 
this  pyrene  group  to  probe  the  solvent  dependent 
environment  of  the  termini  of  the  poly(ethylene 
glycoO  grafts  at  the  surface  of  entrapment  func- 
tionahzed  polyethylene  films  [25].  These  studies 
showed  that  the  entrapped  films  prepared  using  4 
(PE/PEoiig-4)  had  a  variety  of  fluorescent  proper¬ 
ties  that  differed  from  that  expected  for  a  typical 


terminally  functionalized  polymer  chain.  For  ex¬ 
ample,  as  is  shown  in  Fig.4,  the  extent  of  excimer 
formation  in  a  2.5  wt.%  loaded  PE-[(PEoiig- 
PEGi 000-pyrene]  film  was  greatest  in  polar  sol¬ 
vents  that  solvated  the  surface  well.  This  is  in 
contrast  to  the  known  effects  of  solvent  variation 
on  fluorescence  of  polymers  in  solution  that  have 
been  end-labeled  with  pyrene  groups.  In  solution, 
poorer  solvents  lead  to  more  excimer  because  the 
polymer  chains  collapse  and  aggregate.  Good  sol¬ 
vents  decrease  the  amount  of  excimer.  At  least  at 
these  surfaces,  this  effect  is  reversed.  The  entropic 
constraints  faced  by  a  pyrene  groups  randomly 
immolbilized  in  a  surface  or  interfacial  layer  pre¬ 
clude  the  diffusion  and  the  necessary  face-to-face 
interaction  needed  to  generate  excimer  fluores¬ 
cence.  Better  solvents  facilitate  swelling  of  this 
surface  layer  and  permit  pyrene  groups  to  inter¬ 
act. 

Another  example  of  a  functionalized  surface  is 
the  pyrene  labeled  surface  prepared  as  shown  in 
Scheme  II.  In  this  case,  anionic  oligomerization 
of  ethylene  was  followed  by  quenching  with  an 
electrophilic  pyrene-containing  alkene  [27].  The 
resulting  pyrene  oligomer  was  then  entrapped  in 
polyethylene  to  give  a  functionalized  polyethyl¬ 
ene  containing  weakly  acidic  C — H  bonds.  Sub¬ 
sequent  deprotonation  and  addition  of  an 
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Wavelengtli  (nm) 

Fig. 4.  3Z)  plot  of  emission  spectra  of  polyethylene  films  functionalized  with  2.5  weight  percent  pyrene  (PE-(PEoiig- 
PEG 1 000-pyrene))  suspended  in  different  solvents  showing  a  decrease  in  the  excimer  fluorescence  for  poorer 
solvents  (solvents  witli  higher  solubility  parameters). 

appropriate  monomer  led  to  anionic  grafting  as  Contact  angle  analysis,  XPS  spectroscopy  and 

shown  in  equation  5,  Further  studies  of  such  sur-  ATR  IR  spectroscopy  all  provide  useful  informa- 
face-grafted  materials  are  now  ongoing  in  our  tion  about  this  surface  and  its  derivatives  before 

laboratories  but  have  already  revealed  a  wealth  of  and  after  grafting.  However,  fluorescence  spec- 

details  about  polymer-solvent  interactions  and  troscopyagainprovideduniquesortsofinforma- 
the  effects  of  surface  grafts  on  such  interactions.  tion.  In  this  case,  we  were  able  to  use  both 
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solvation  of  the  pyrene  fluorophore  and  its  reac¬ 
tivity  with  polyethylene-incompatible  quenching 
agents  to  probe  the  3-dimensional  nature  of  the 
functionalized  polyethylene  surfaces  produced  by 
entrapment  functionalization  both  before  and  af¬ 
ter  grafting. 

In  our  work,  static  quenching  was  used  to 
study  the  accessibility  of  pyrenes  to  N,N-di- 
methylethanolamine  (DMEA).  DMEA  is  report¬ 
edly  a  very  surface  selective  reagent  in  that  it 
selectively  quenches  pyrenes  at  the  surface  of 
polyethylene  versus  pyrene  groups  in  bulk  poly¬ 
ethylene  [29].  Thus,  when  a  PE-[PEoiig“ 
CH(Ph)pyrene]  film  was  treated  with 
N,N-dimethylethanol  amine  in  various  solvents,  a 
portion  of  the  pyrene  fluorescence  was  quenched. 
The  amount  of  fluorescence  quenched  varied  de¬ 
pending  on  solvent.  In  THE,  ca,  70%  of  the  py¬ 
rene  fluorescence  was  quenched.  In  methanol, 
only  about  50%  of  the  fluorescence  was 
quenched.  The  difference  was  ascribed  to  the  dif¬ 
ference  in  the  accessibility  of  pyrene  in  these  two 
suspensions  and  to  the  different  nature  of  the 
functionalized  polymer  surface/solvent  interface 
in  these  two  situations. 

Fluorescence  also  provided  a  way  to  study  the 
microenvironment  of  entrapped  pyrene-tagged 
macroinitiators.  These  experiments  relied  on  the 
knowTi  effect  of  solvents  on  the  /i/Zs  value  of  py¬ 
rene  by  solvents  of  varying  polarity.  The  general 
effect  is  that  the  l\lh  value  decreases  as  solvent 
polarity  decreases.  In  the  case  of  a  PE-[PEoiig- 
CH(Ph)pyrene]  film,  the  /1//3  value  increased  with 
increasing  solvent  polarity  to  a  plateau  around 
/i//3=1.95.  Much  smaller  solvent  effects  were  ob¬ 
served  for  grafted  PE-[PEoiig-CH(Ph)pyrene] 
film.  Specifically,  when  a  PE-[PEoiig-CH(Ph)py- 
rene]  film  was  deprotonated  with  BuLi  and  then 
treated  with  a  THF  solution  of  methacrylonitrile, 
a  PE-[PEoiig-C(Ph)pyrene-g-PMAN]  film  was 
formed.  This  film  showed  in  the  same  solvents 
little  or  no  solvent  effect  on  the  entrapped  py¬ 
rene’s  I1/I3  values.  This  suggests  that  the  PMAN 
grafts  are  present  at  the  polyethylene-solvent  in¬ 
terface  and  that  they  block  solvation  of  the  py- 
renyl  moieties  at  their  attachment  sites. 

The  effects  of  surface  grafting  on  pyrene 
quenching  was  also  studied.  These  effects  which 
are  shown  in  Fig. 5  are  in  general  accord  with  the 
effects  on  I1/I3  seen  before  and  after  grafting.  As 
shown  in  Fig. 5,  the  extent  of  quenching  uni¬ 
formly  decreased  in  all  four  solvents  studied.  For 
example,  for  films  suspended  in  ethanol,  ca.  50% 
of  the  bound  pyrenes  were  quenched  before  graft¬ 
ing  and  only  about  20%  were  quenched  after  in¬ 
troduction  of  a  poly(methacrylonitrile)  graft  onto 


DMEA(M) 

Fig.5.  Effect  of  different  solvents  on  quenching  of 
PE-H/PEoiig'CH(Ph)pyrene  or 
PE-H/PEoiig-C(Ph)pyrene-g-p6lymethaa7lonitrile 
by  N,N-dimethylethanol  amine. 

the  pyrene  initiator  groups.  Further  evidence  that 
this  change  reflected  surface  solvation  of  a  brush 
overlayer  is  the  change  in  order  of  extent  of 
quenching  with  different  solvents.  Specifically, 
the  relative  extent  of  quenching  in  different  sol¬ 
vents  changed  with  acetone  (a  good  solvent  for 
PMAN)  becoming  a  relatively  better  solvent  for 
quenching  after  introduction  of  the  PMAN  graft. 

Summary 

Surface  funtionalization  of  polymers  is  a  tech¬ 
nologically  useful  and  important  process  that  can 
be  accomplished  by  both  simple  practical  tech¬ 
niques  and  by  more  sophisticated  chemical  proce¬ 
dures.  When  spectroscopic  probes  are 
incorporated  into  the  product  polymer  surface 
and  when  that  surface  is,  in  turn,  synthetically 
elaborated,  a  variety  of  information  about  poly¬ 
mer-solvent  interactions  is  forthcoming.  Such 
studies  show^  that  solvents  can  differentially 
solvate  the  outermost  interface  of  such  function¬ 
alized  polymers  and  that  entropic  effects  and  mi¬ 
croenvironment  effects  can  significantly  alter 
known  low  molecular  weight  and  conventional 
soluble  polymer  chemistry. 
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OpraHHHecKafl  xmmhh  rpaHHU  pa3jiejia  4>yHKUHOHajiH3HpoBaHHbix 
nOJlHIViepOB  C  nOBepXHOCTHMH 

David  E.  Bergbreiter  ,  H.  Neil  Gray  and  B,Srinivas 

06cy^/5aioTCH  npo6jieMbi  xhmhh  noJiHMepoB  c  Mom^4^HUHpOBaHHbiMH  noBepxHOcxflMH.  Pac- 
CMaxpHBaioTCJi  oGluhc  npoGjieMbi  anajinaa  h  CHHxesa  b  npHMeneHHH  k  MonH4)HUHpoBaHHio 
noBepxHOCTen  nojiHMepoB,  a  raKTKe  cneuH(l)MHecKHe  h  cHHxeTHHecKae  3aAaHH,  oxHOCKUtnecH  k 
noBepxHocxHOH  Mo;^H(})HKaaHH  nojiHOJie(j)HHOB.  Oco6oe  BHHMaHHe  y;;ejieHO  xhmhhcckhm  npoueccaM 
npHBHBKH  pa3JIHHHbIX  4)yHKI4HOHaJIbHbIX  rpyniT  K  nOBepXHOCXH  nOJIH3XHJieHOBbIX  nJICHOK  H  pac- 
cMoxpeHHK)  npHMeHeHH5i  4)jTyopecueHXHbix  30HaoB  Jim  HccjieAOBaHHfl  cojibBaxauHH  h  peaKqHOHHOH 
cnoco6HocxH  ojichok,  no^tBeprnyxbix  o6pa6oTKe  c  qeJibio  cos^aHHa  na  hhx  (j)yHKUHOHajibHbix  rpynn  c 
nocjie;iyK)meH  npHBHBKOH  MoxtH(})HKaxopoB. 
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Three  types  of  bio-medical  polymer  materials  have  been  surveyed.  These  are:  natural;  synthetic  inert 
and  biocompatible  polymers;  natural  and  synthetic  polymers  with  favourable  biological  properties.  Most 
attention  is  payed  for  biocompatible  sorbents  on  cellulose  (CS)  base,  for  methods  of  cellulose  modification 
that  introduce  ion-exchange  groups,  for  properties  of  modified  CS  and  it  medical  applications.  The 
prospectives  of  sorptionally-active  materials  in  views  of  third  generation  medical  polymers  development 
has  been  shown. 


PosrimHyTO  xpH  thuh  Me;^HKO-6ioJioriHHHx  nojiiMepHHX  MaTq)iaiiiB:  npHponni,  cHHTernHHi  inepTHi  xa 
6iocyMicHi  nojiiMepH,  ino  MaKxrb  KopHcny  6iojioriMHy  niio.  Oco6jiHBy  ysary  npHniJieno  6iocyMicHHM 
BOJiOKHHCTHM  cop6eHTaM  Ha  ocHOBi  nejiK)Ji03H  (IJS):  MeronaM  Mo;iH(})iKaqii  1^3  ^hjih  Ha,aaHH5i  ih 
iOHOo6MiHHHX  BJiaCTHBOCTeH,  BHKOpHCTaHHK)  B  Me^HqHHi  Ta  iHUIHX  CyMi)KHHX  raJiy3HX.  IIOKasariO 
nepcneKTHBHicTb  po3BHTKy  MeroniB  MonH(})iKaqii  copSqiHHo-am'HBHHX  bojiokhhcthx  MaxepiajiiB  3 
MeXOKD  CTBOpeHHH  MCnHHHHX  nOJliMCpiB  XpeXbOFO  nOKOJliHH^I. 


The  origination  of  new  scientific  lines  and  ar¬ 
eas  is  one  of  remarkables  phenomena  in  the  natu¬ 
ral  sciences  development  during  the  last  quarter 
of  our  century.  A  prominent  example  is,  espe¬ 
cially,  the  creation  and  dramatical  progress  of  the 
biomedical  polymers  chemistry  [1]  which  has  been 
originated  at  the  interfaces  of  organic  chemistry, 
high-molecular  compounds  physics  and  chemis¬ 
try,  biochemistry,  molecular  biology,  pharmacol¬ 
ogy,  and  medicine.  The  vivid  interest  to  this  area 
is  due  to  two  circumstances:  the  fundamental 
natural  science  aspect  —  the  living  and  inanimate 
nature  interaction  —  and  practical  results  of  a 
wide  variety  of  polymers  uses  for  medical  and 
public  health  care  purposes. 

At  present,  three  types  of  biomedical  poly¬ 
mers  can  be  distinguished,  somewhat  arbitrarily 
[2].  First,  there  are  natural  polymers  (especially, 
polysaccharides,  e.g.  soluble  and  insoluble  dex- 
trane,  cellulose,  or  starch  derivatives,  some 
polypeptides  —  albumine  and  others).  Second,  it 
is  to  point  to  synthetic  inert  and  bio -compatible, 
soluble  or  insoluble  polymers,  containing  (desir- 
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ably)  biodegradable  bonds  in  the  main  chain  or  in 
a  side  one,  between  the  polymer  itself  and  a  me¬ 
dicinal  compound  linked  to  it.  Third,  finally, 
natural  or  synthetic  polymers  must  be  mentioned 
which  have  an  useful  biological  effect  or  can  en¬ 
hance  such  effect  of  a  medicinal  substance  linked 
to  them  (heparine,  specific  sulphonated  polymers, 
etc.). 

The  first  generation  consisted  of  so-called  «in- 
ert»  polymers.  They  were  associated  with  the  first 
stage  of  synthetic  polymers  use,  when  no  poly¬ 
meric  materials  were  yet  created  specially  for 
medical  uses,  but  appropriate  polymers  were  cho¬ 
sen  among  the  known  engineering -designed  ones. 
Investigators  have  found  presently,  however,  that 
such  «inert»  polymers  can  cause  sometimes  even 
such  phenomena  as  tissues  necrosis,  etc.,  due  to 
impermeability  of  materials  studied,  substances 
migration  blockage  and,  accordingly,  the  intercel¬ 
lular  exchange  inhibition. 

Therefore,  nowadays,  ever-increasing  atten¬ 
tion  is  given  to  the  development  of  polymer  mate¬ 
rials  whose  biocompatibility  is  determined  not  by 
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inertness,  but  by  their  interaction  with  organism, 
yet  such  one  at  which  neither  polymers  them¬ 
selves  nor  their  degradation  products  would  ef¬ 
fect  the  organism  undesirably. 

This  allowed  to  come  immediately  to  a  next 
step  of  a  principial  and  practical  importance, 
namely,  to  begin  with  the  «third  generation))  crea¬ 
tion  of  medical  polymers.  Such  materials  are  not 
only  biocompatible,  but  can  also  be  included  into 
biochemical  processes,  interacting  with  biological 
medium  to  cause  a  required  useful  effect  on  this 
medium  or  on  whole  organism.  On  the  impres¬ 
sionable  background  of  polymers  materials,  such 
polymer  possessed,  until  recently,  a  rather  modest 
place. 

The  fibrous  sorption-active  materials  comply 
most  full  with  the  requirements  to  «third-genera- 
tion))  polymers  [3].  The  advantage  of  these  mate¬ 
rials  over  other  ion-exchange  resins  consists  in 
that  they  have  more  developed  specific  surface, 
possess  a  plethora  of  channels  and  pores  which 
remain  conserved  after  chemical  modification, 
thus  assuring  a  high  volume  capacity,  selectivity 
and  swellability  of  such  sorbents. 

The  biocompatible  fibrous  sorbents  on  the 
cellulose  (CS)  basis  are  especially  promising  in 
this  regard  [4].  The  cellulose  macromolecule  does 
not  contain  structural  elements  causing  undesir¬ 
able  chemical  effects  on  the  human  organism.  It  is 
easily  modifiable,  what  allows  to  obtain  a  wide 
variety  of  its  derivatives  having  predetermined 
composition  and  properties. 

A  great  number  of  various  methods  can  be 
used  to  modify  cellulose  for  conferring  ion-ex¬ 
changing  properties  on  cellulose.  The  main  ones 
are: 

1)  selective  oxidation  of  cellulose  alcoholic 
groups  to  carboxyls; 

2)  etherification  of  cellulose  by  compounds 
containing  additional  acid  or  basic  groups; 

3)  grafting  of  various  polymers  containing 
functional  groups  to  cellulose  macroipolecules; 

4)  esterification  by  polycarboxylic  acids; 

5)  alkylation. 

Using  the  methods  mentioned  above,  one  can 
obtain  cellulose-based  ion  exchangers  containing 
any  groups  both  cationic  and  anionic  type. 

Let  us  consider  the  main  methods  of  cellulose- 
based  cation-exchangers  synthesis  in  more  detail. 

1.  Ion-exchangers  synthesis  by 
cellulose  oxidation 

The  best  oxidizers  for  the  cellulose  are  peri¬ 
odic  acid  and  nitrogen  oxides  which  allow  to  per¬ 


form  the  oxidation  more  selectively  than  known 
oxidizing  agents  [5]. 

Periodic  acid  oxidizes  secondary  alcoholic 
groups  of  cellulose  under  breaking  the  pyranic 
ring  and  formation  of  dialdehyde  cellulose  which, 
by  the  further  oxidation  with  sodium  chlorite, 
gives  dicarboxy  cellulose: 


H 

O - 


HIO^ 


Ih  I 

^c— (/ 
tH,OH 


.H 

‘O - 


□ACS 


DACS  +  NaaOj 


^OH  |OOH 


In  parallel  with  these  main  reactions,  side 
processes  take  place  resulting  in  the  formation  of 
products  containing  various  functional  groups. 

The  main  reaction  of  cellulose  oxidation  by 
nitrogen  dioxide  N2O4  resulting  in  the  monocar- 
boxy  cellulose  occurs  according  to  scheme: 


r 

c— 6h 


HC—^. .  u 

ioOH 


The  oxidized  cellulose,  however,  has  a  series 
of  specific  properties  limiting  its  use  for  some 
medical  purposes:  such  are  thermal  instability  in 
air,  strength  drop  during  storage,  etc.  Besides,  the 
material  losses  its  features  of  an  insoluble  sorbent 
when  certain  critical  value  of  carboxy  group  con¬ 
tent  is  exceeded.  Therefore,  at  the  preparation  of 
ion-exchanging  celluloses,  two  important  factors 
must  be  taken  into  account:  on  the  one  hand,  a 
sufficient  exchange  capacity  must  be  achieved, 
and  on  the  other,  the  sorbent  must  be  insoluble, 
chemically  resistant  and  have  satisfactory  physi¬ 
cal  and  chemical  properties. 


2.  Ion-exchangers  synthesis  by 
etherification 

Cellulose  ethers  possessing  the  ion-exchanging 
properties  are  obtained  usually  by  the  action  of 
alkyl  sulphates  or  alkyl  halides  on  the  basic  cellu¬ 
lose: 


r 

HC— CH  ^ 


HC— 

<iH 


I 


r 


CH20(CHj)nR 
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3.  Ion-exchangers  synthesis  by 

esteriflcation 

Cellulose  esters  having  ion-exchanging  prop¬ 
erties  have  been  obtained,  with  phtalic,  succinic, 
maleic,  glutaric,  and  citric  acids,  the  esterification 
being  performed  by  acid  anhydrides  in  the  glacial 
acetic  acid  medium,  in  the  presence  of  anhydrous 
sodium  acetate. 

As  cellulose-based  cation-exchangers,  the  cel¬ 
lulose  phosphates  are  most  popular.  They  have 
found  a  wide  use  in  the  analytical  chemistry  and 
biochcmistiy'  for  the  polypeptides  and  vitamins 
separation,  at  chemical  analyses  for  ion-exchange 
chromatography,  solutions  concentration,  etc. 

4.  Ion-exchangers  synthesis  by 
polymers  grafting  to  cellulose 

Using  the  grafting  of  polymers  to  cellulose, 
ion-exchangers  containing  various  types  of  func¬ 
tional  groups  can  be  obtained.  The  grafting  is 
performed  usually  by  following  techniques: 

1)  Using  preliminary  introduction  of  groups 
forming  macroradicals  at  the  degradation.  By 
such  a  means,  the  copolymers  of  cellulose  with 
polyacrylic  and  polymethacrylic  acids  are  ob¬ 
tained. 

2)  Radiation -chemical  synthesis.  By  y  irradia¬ 
tion,  the  graft-polymers  of  cellulose  with  acrylic 
and  methacrylic  acids  are  developed. 

3)  Grafting  to  an  oxidized  cellulose.  So,  the 
copolymers  of  oxidized  cellulose  and  cellulose 
phosphate  with  polyacrylonitrile  are  obtained. 

The  last-mentioned  method  has  some  disad¬ 
vantages,  namely,  the  low  sorbents  stability 
against  aggressive  media  and  the  composition  un¬ 
homogeneity  due  to  the  presence,  in  copolymer, 
of  some  homopolymer  amount  which  undergoes 
extraction  in  the  course  of  sorption.  The  troubles 
mentioned  restrict  the  use  of  such  polymer  in  the 
medical  practice.  To  extend  the  service  life  of  cel¬ 
lulose-based  chemisorbents  and  to  impart  the  in¬ 
solubility  to  them,  additional  treatments  by 
bifunctional  and  structurizing  compounds  are 
used,  e.g.  by  hydrazine  hydrate,  peroxides, 
epichlorohydrine. 

Using  methods  discussed  above,  a  number  of 
cellulose  derivatives  having  ion-exchanging  prop¬ 
erties  has  been  obtained,  including  carboxy  cellu¬ 
lose,  cellulose  ethers  and  esters,  copolymers  of 
cellulose  with  various  macromolecules,  aminocel- 
lulose,  sulphocelluloses.  In  all  these  syntheses, 
ionogenic  groups  can  be  introduced  into  cellulose 
macromolecule  in  an  amount  no  more  than  one 
group  for  20  to  30  structural  glucose  links.  That  is 


the  limit  of  the  ion-exchanging  capacity  for  such 
products;  when  the  number  of  ionogenic  groups 
is  increased,  cellulose  undergoes  a  destruction. 

The  composition  and  properties  of  some  cellu¬ 
lose-based  ion-exchangers  are  given  in  Table  1. 

Cellulose  phosphate 

Cellulose  phosphates  are  the  inorganic  cellu¬ 
lose  esters  most  often  used  in  medicine  (Table  1). 
The  phosphor)4ation  of  cellulose  is  performed  by 
the  action  of  derivatives  of  P(!ll)  and  P(V)  acids. 
Phosphorous  acid  is  the  most  effective  phospho- 
rylating  agent  among  derivatives  of  phosphorus 
(IN)  acids,  it  should  be  noted,  however,  that  prod¬ 
ucts  of  cellulose  phosphorylation  by  derivatives 
of  P(ll!)  acids  are  destructurized  profoundly  and 
instable  to  hydrolising  action.  These  circum¬ 
stances  as  well  as  the  inevitable  use  of  toxic  sub¬ 
stances  to  obtain  such  products,  exclude  their  use 
for  medical  purposes. 

One  of  popular  techniques  of  the  phosphory¬ 
lation  with  derivatives  of  phosphorus  (V)  acids  is 
the  cellulose  esterification  by  orthophosphoric 
acid  and  its  chlorides: 

CS-OH  +  H3PO4  ^  CS-0-P(0H)2  +  H2O 

By  its  nature,  cellulose  phosphate  is  a  poly¬ 
functional  cation-exchanger  containing  both 
strong  and  weak  acid  groups.  As  a  polymeric 
acid,  cellulose  phosphate  binds,  by  ion-exchange 
mechanism,  inorganic  and  organic  cations  under 
formation  of  corresponding  salts  and  strong 
phosphatic  complexes.  The  high  soq)tion  capac¬ 
ity  of  phosphorylated  cellulose  is  noted  toward 
Cu(ll),  Fe(ll),  alkali,  alkali-earth,  and  rare-earth 
metals  ions  as  well  as  toward  aliphatic  amines 
and  antibiotics  (kenalicin,  streptomycin,  link- 
omycin,  monomycin)  [6]. 

For  inorganic  and  organic  ions  sorption  by 
cellulose  phosphate,  the  form  of  phosphoric  acid 
groups  (H-  or  Na-form)  is  of  primary  importance. 
For  example,  in  the  case  of  exchange  of  Ca(ll) 
ions  on  the  H-form  of  cellulose  phosphate,  the 
strong  acid  groups  are  primarily  involved  in  the 
reaction.  On  the  other  hand,  in  the  course  of 
Ca(ll)  sorption  by  the  Na-form  of  cellulose  phos¬ 
phate,  NaC!  is  given  off  into  solution  what  results 
in  the  increase  of  its  sorption  capacity  toward 
Ca(ll)  ions. 

On  this  phenomenon,  the  medical  use  of  cellu¬ 
lose  phosphate  is  based  as  the  sorbent  for  the 
donor  blood  stabilization  [7]  and  for  the  Ca(ll) 
ions  binding  at  the  kidneystone  disease  treatment 
(see  Table  2). 
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Table  1 .  Ion-exchanging  celluloses 


No. 

Name 

lonogenic  group 

Properties 

Complete  absorption 
capacity, 
mg-equiv./g 

1. 

Sulphoethyl  cellulose 

— OC2H4SO3H 

strong  acid 

0.4-0.5 

2. 

Sulphomethyi  cellulose 

— OCH2SO3H 

strong  acid 

0.4-0.5 

3. 

Cellulose  phosphate 

--OPOgHj 

strong  acid 

0.8 

4. 

Monocarboxy  cellulose 
(oxycellulose) 

— COOH 

strong  acid 

0.7 

5. 

Carboxymethyl  cellulose 

— OCH2COOH 

weak  acid 

0.7 

6. 

Carboxy  ethyl  cellulose 

— OC2H4COOH 

moderate  acid 

0.7 

7. 

Cellulose  citrate 

— OOC— OH— (CH2C00H)2 

1. 2-2.4 

8. 

Cellulose  succinate 

— OOCC2H4— COOH 

3.15 

9. 

Cellulose  maleinate 

— OOC— C2H2— COOH 

1.13 

10. 

Cellulose  glutarate 

— OOC— C6H4— COOH 

0.80 

11. 

Cellulose  phtalate 

—OOC— C6H4— COOH 

1.70 

12. 

Fara-amino  benzyl 
cellulose 

— CH2--C6H4— NH2 

weak  basic 

0.6 

13. 

Product  of  ethyl 
chlorohydrine, 
triethylamine  reaction 
with  cellulose 

ionogenic  group  structure  is  not 
determined 

weak  basic 

0.5 

14. 

Aminoethyl  cellulose 

— C2H4NH2 

weak  basic 

0.7 

15. 

Product  of  ethyl  bromide 
reaction  with  DEAE 

cellulose 

ionogenic  group  structure  is  not 
established 

moderate  basic 

1.0 

16. 

Diethylamino  ethyl 
cellulose 

-C2H4N(C2H5)2 

moderate  basic 

1.0 

17. 

Guanido  ethyl  cellulose 

— C,H^NHC{NH)NH, 

moderate  basic 

0.7 

EDTA  celluloses 

From  the  viewpoint  of  fibrous  sorbents  use  in 
the  hematology,  they  are  desirable  to  be  similar, 
in  their  action,  to  known  blood  stabilizers  being 
introduced  into  it  for  conservation,  but,  in  the 
same  time,  to  retain  the  advantages  inherent  in 
the  sorptional  method.  In  that  relation,  the  sor¬ 
bent  similar,  by  its  selectivity,  to  ethylendiamine 
tetraacetic  acid  sodium  salt  (Na-EDTA)  may  be 
very  promising  (see  Table  2). 

Atid  salts  of  cellulose  esters  with 
antiseptic 

The  use,  as  sorbents,  of  salts  of  cellulose  acid 
esters  in  which  cation  is  an  antiseptic  [6],  e.g. 
laevomycetin,  synthomycin,  trilaphlavin,  offers  a 
possibility  to  avoid  the  antiseptics  introduction  in 
conservants  compositions  and,  in  so  doing,  to 
prevent  any  action,  even  temporary,  of  elevated 


antiseptics  concentration  on  the  blood  compo¬ 
nents  capable  to  case  their  damage  (Table  2). 

A  salt  of  cellulose  phosphate  with  antiseptic  is 
forming  according  the  scheme 

CS-0-P(0)(0H)0Na  +  KaCI 

^  CS-0-P(0)(0H)0Ka  +  NaCI 

where  Ka  is  an  antiseptic  cation. 

Acetyl  cellulose 

Cellulose,  as  a  polyhydric  alcohol,  undergoes 
an  easy  esterification  with  various  acids  or  their 
anhydrides  forming  corresponding  esters.  By 
esterification  of  cellulose  with  acetic  acid  or  its 
anhydride,  the  acetyl  cellulose  is  obtained: 

[C6H702(0H)3]„  +  CH3C00H 

— >  [CgH702(0C0CH3)3]^  +  nH20 
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Table  2.  Cellulose-based  sorbents  and  their  clinical  applications 


Sorbent 

lonogenic  group 

CEC* 

OEC** 

SD*** 

Applications 

Cellulose 

phosphate 

-OP(0)(OH)2 

3.2 

0.76 

60 

Haemostatic  means;  stomach  ulcer  treatment;  biologically 
inert  suture  material;  in  the  milk  treatment  for  children 
and  dietic  nourishment;  for  ammonia  vapours  removing 
from  air,  filters  for  air  and  liquids  sterilization;  as  a 
substrate  for  plants  growing;  for  the  protection  from 
«sofl»  X-rays 

Cellulose  citrate 

— ^^7 — COOH 

1.70 

0.47 

50 

For  donor  blood  stabilization 

EDTA-cellulose 

— N(CH2C00H)2 

1.03 

0.30 

50 

Blood  purification  when  prompt  and  massive  transfusions 
are  required 

Acid  salts  of 
cellulose  esters 

with  an 
antiseptic 

■* 

For  antiseptic  bandage  of  prolonged  effect 

Acetyl  cellulose 

— OOCCH3 

For  microbiological,  biological,  and  physico-chemical 
analyses;  for  drug  solutions  purification  from 
microorganisms  and  mechanical  impurities;  for  sterilizing 
fiitrations;  for  the  electrophoretic  separation  of  blood 
senim  albumens 

Acetyl  phtalyl 
cellulose 

— C6H4COOH 

As  the  tablet  envelope;  to  prepare  the  intestinal-soluble 
tablets  (naphtamon,  aspirin);  in  tuberculosis  therapy 
complex;  at  the  introduction  of  tetracyclin  with  laevorin  to 
assure  the  prolonged  effect  of  tliose  substances 

Methyl  cellulose 

-OCH3 

As  the  protecting  envelope  of  drug  preparations  for  enteric 
or  local  introductions;  to  introduce  the  pancreatin  into  tlie 
duodenum;  as  a  binder  in  gypsum  suspensions;  for 
ointments  and  wet  bandages;  in  protecting  ointments  for 
operating  with  organic  solvents  and  aggressive  media;  as  a 
eye-ointments  base;  for  the  treatment  of  skin  diseases, 
bums,  and  for  local  anaesthesia;  for  the  X-ray 
investigation  of  gastro-intestinal  way 

Ethyl  cellulose 

^C2H5 

'  Asa  graining  agent  for  medicinal  substances;  in 
slow-dissolvable  tablets  for  oral  administration;  for 
microcapsulation  and  protecting  envelopes  obtaining;  in 
tlie  hypertension  and  cardiovascular  diseases  treatment 

Carboxy  methyl 
cellulose 

— CH2COOH 

•* 

- 

- 

A  marked  stimulation  of  reparative  processes  in  infected 
skin  wounds,  acceleration  of  granulated  tissue  arising,  etc. 

Oxypropylene 
methyl  cellulose 

— OCH2CH20CH3 

-■ 

- 

- 

As  a  cellular  coating  material  for  gastro soluble  solid  drugs 
forms;  in  the  atophan,  analgin,  amidopyrin  tablets 
technology 

Mono  carboxy 
cellulose 

—COOH 

An  efficient  haemostatic  material:  to  stop  the  capillary  and 
parenchimatous  haemorrages  from  limge  wounds,  caverns, 
cellular  tissues  surrounding  blood  vessels  and  gullet, 
operative  wounds;  in  purulent  surgery,  etc.;  a  suture 
material 

*  Complete  exchange  capacity  for  NaOH,  mg-equiv./g. 
**  Operating  exchange  capacity  for  CaC!2,  mg-equiv./g. 
***  Substitution  degree  for  N,  per  cent. 
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Acetyl  cellulose  possesses  a  characteristic  abil¬ 
ity  to  form  elastic  permeable  films,  membranes, 
etc.,  what  motivates  its  widespread  medical  use. 
Nowadays,  enzymes  immobilized  in  microcap¬ 
sules  are  obtained.  The  enzyme  immobiUzation 
by  microcapsulation  retains  the  enzyme  essen¬ 
tially  in  solution,  i.e.  in  the  native  state.  A  poly¬ 
meric  envelope,  being  impermeable  for  both 
ferment  contained  in  the  capsule  and  high-mo¬ 
lecular  substances  from  the  external  medium,  al¬ 
lows,  in  the  same  time,  for  the  free  passage  of 
low-molecular  compounds  —  substrates  and 
products  of  enzymatic  reaction. 


Methyl  cellulose 

Methyl  cellulose  became  firmly  established  in 
the  drugs  production  area.  It  is  soluble  in  cold 
water.  In  solution,  the  methyl  cellulose  macro¬ 
molecules  are  covered  by  hydrated  envelopes 
bonded  with  cellulose  by  hydrogen  bonds.  When 
temperature  rises,  the  hydrogen  bonds  break,  and 
methyl  cellulose  dehydration  occurs.  Cations  and 
anions  are  also  able  to  cause  the  dehydration; 
according  to  their  ability  to  depress  the  solution 
gelation  temperature,  they  can  be  arranged  in  se¬ 
ries: 

Pb  (II),  Zn  (II),  Cu  (II),  Fe  (III).  NHt  Ca  (II), 
Ba  (II),  K^,  Mg  (II),  Na^  Al  (III); 
r,  CNS',  Boi",  NO3,  co^“,  cr,  chscoo", 
soi",  poi". 

Water  solutions  of  methyl  cellulose  are  stable 
in  a  wide  pH  range  (from  2  to  12),  have  good 
surface-active  properties;  after  drying,  a  high- 
strength,  colorless,  odourless  and  tasteless  film  is 
obtained,  resistant  against  bacteria,  mould,  and 
organic  solvent  action. 

The  use  of  methyl  cellulose  for  medical  pur¬ 
poses  is  based  on  its  good  binding,  film-forming, 
and  gel-forming  properties. 


Carboxymethyl  cellulose 

The  treatment  of  carboxymethyl  cellulose 
(CMC),  obtained  through  the  action  of  mono- 
chloroacetic  acid  on  cellulose,  by  cross-linking 
agents  like  formaldehyde,  epichlorohydrine,  or 
diglycidyl  ether,  gives  the  highly  hydrophilic, 
water-insoluble  Na-CMC  which  can  be  used  for 
sanitary  and  hygienic  articles  production. 

On  the  CMC  basis,  a  polymeric  anaesthetic 
for  local  use  is  developed,  called  celcovocaine, 
which  is  effective  in  the  therapeutic  blockades 
performing,  treatments  of  stomach  and  lungs  ma¬ 
lignant  neoplasms,  chronic  cholecyst  op  ancreati- 
tis,  and  also  of  acute  and  chronic  pancreatitis. 


Monocarboxy  cellulose  (MCC) 

Among  modified  celluloses,  the  MCC  finds 
the  most  widespread  medical  use,  what  is  due  to 
its  successful  combination  of  favourable  physico¬ 
chemical  and  medico-biological  properties. 

The  MCC  is  insoluble  in  water,  organic  sol¬ 
vents,  as  well  as  in  diluted  inorganic  and  organic 
acids. 

Similar  to  some  other  cellulose  derivatives, 
e.g.  cellulose  phosphate,  carboxymethyl  cellulose 
and  acetic  phtalyl  cellulose,  MCC  is  a  polyelec¬ 
trolyte  and  has  ability  to  exchange  reactions,  be¬ 
ing  a  more  strong  cation-exchanger  than 
synthetic  carboxyl-containing  ones. 

There  are  two  main  lines  in  MCC  medical  use 
development.  First,  it  is  the  use  of  MCC  itself, 
secondary,  the  use  of  its  modification  products. 

The  sorption-active  cellulose-based  materials 
can  have,  in  addition  to  ion-exchanging  proper¬ 
ties,  complexing  ones,  i.e.  they  can  be  modified  by 
complex  biometals  compounds  to  obtain  new  tex¬ 
tile  species  designated  for  medico-biological  pur¬ 
poses. 

Cellulose  dialdehyde  (DACS),  the  product  of 
cellulose  oxidation  by  periodic  acid  (see  Scheme 
1),  is  the  most  convenient  source  material  for  ob¬ 
taining  of  physiologically  active  cellulose  deriva¬ 
tives  of  the  third  generation.  Dialdehyde  cellulose 
contains  the  reactive  aldehyde  groups  which  al¬ 
low  to  extend  substantially  the  range  of  cellulose 
chemical  modifications. 

One  of  most  typical  reactions  of  aldehyde 
group  is  the  interaction  with  primary  amines  re¬ 
sulting  in  azomethines,  i.e.  compounds  including 
the  C=N-  group.  This  group  is  labile  enough  to 
split  out,  in  a  weak  acid  medium,  the  physiologi¬ 
cally  active  molecular  fragment,  thus  assuring  the 
prolonged  action  of  a  preparation.  Using  this 
property,  a  number  of  chemical  changes  of  DACS 
was  performed  through  its  condensation  with 
various  primary  amines,  including  aromatic  and 
heterocyclic  ones.  The  grafted  compounds  ob¬ 
tained  show  strong  complexing  abilities  what  al¬ 
lows  to  prepare  metal  complexes. 

Metal  chelates  grafted  to  a  textile  surface  can 
provide  the  basis  to  obtain  preparation  of  com¬ 
bined  effect.  The  matrix  containing  metal  com¬ 
plexes  with  trip  sine  are  of  special  interest  in  this 
context. 

Cellulose  may  be  also  modified  by  acting  of 
previously  prepared  metal  complexes  on  its  oxi¬ 
dized  surface.  Using  this  scheme,  the  cobalt  (III) 
—  monoethanol  amine  and  copper  (II)  —  tri- 
oxymethylamine  (TRIS)  complexes  has  been 
grafted  to  a  polysaccharide  matrix. 

The  immobilization  of  physiologically  active 
substances  has  been  performed  on  the  DACS 
modified  by  the  above-mentioned  complexes;  a 


Functional  materials,  2,  I,  1995 


21 


VA.Kalibabchuk  and  V. K Zaitsev  / Polymer  materials... 


high  bactericidic  activity  has  been  found  for  a 
number  of  samples  containing  silver,  cobalt,  and 
copper  ions. 

The  DACS  oximes  containing,  in  addition  to 
alcoholic  and  aldehydic  groups,  oximidic  frag’ 
ments  which  are  the  potential  metal-binding  cen¬ 
ters,  are  capable  to  form  complexes  with 
substances  being  sorbed. 

An  oxyl-containing  cellulose  matrix  has  been 
obtained  by  covalent  bonding  of  the  hydroxyl 
amine  to  a  polymeric  textile  support.  In  this  ma¬ 
trix,  the  azomethine  bonds  are  formed  according 
to  scheme: 

o  o 

Ih  Ih 

+  NH20H  - ► 


HO— N.  ^N— OH 

'^CH  ChT 

^O - 


V 


,OH 


The  study  of  the  sorbtional  properties  of 
DACS  oximes  in  relation  to  3J-transitional  met¬ 
als  had  shown  that  DACS  oximes  preparations 
provide  the  features  of  polymer  complexing 
agents.  The  capability  of  cellulose  oximide  reac¬ 
tions  to  bind  metallic  ions  is  determined  mainly 
by  the  possibility  of  polydentate  binding  com¬ 
plexing  ion  resulting  in  stable  chelate  cycles,  by 


metal  nature,  and  by  the  chelatic  links  number. 
The  most  favourable  condition  of  metal  coordi¬ 
nation  is  created  by  its  positioning  in  the  2,3-di- 
oximino  cellulose  unit. 

The  textile  metal  chelates  on  the  basis  of  co¬ 
balt,  nickel,  and  copper  o3caminates  provide  the 
most  strong  antimicrobic  efficience.  The  informa¬ 
tion  described  above  shows  that  the  development 
of  modifying  methods  of  sorption-active  fibrous 
materials  is  highly  promising  for  the  creation  of 
«third-generation»  medical  polymers. 
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IloJiHivfepHbie  iviaTepHajibi  ivie/|HUHHCKoro  Ha3HaHeHHfl 

B.A.KajiHGaGnyK,  B.H.SaHueB 


PaccMOTpeHbi  TpH  THna  Me/iHKO-6HOJiorHMecKHX  noJiHMCpHbix  MaxepHajioB:  npHpo;iHbie, 
cHHTexHHecKHe  HHepTHbie  H  6HOCOBMecTHMbie  nojiHMepbi,  o6jiaAaK)mHe  nojiesHbiM  6HOJiorHHecKHM 
JieHCTBHCM.  Oco6oe  BHHMaHHe  yX^eJleHO  6HOCOBMeCTHMbIM  BOJIOKHHCTbIM  COp6eHTaM  Ha  OCHOBe 
uejuiiojiosbi  (L13);  Mero^taM  MO/iH^HKaqHH  L[3  npHnaHHH  eii  HOHOo6MeHHbix  cbohctb,  npuMeHCHHio 
B  Me/muHHe  H  npyrHX  cMejKHHX  o6jiacTax.  HoKaBana  nepcneKTHBHOCxb  pa3BHXH5i  MexonoB 
MOnH(j)HUHpOBaHH^  COp6qHOHHO-aKXHBHbIX  BOJlOKHHCXblX  MaXepHaJIOB  C  qeJTbK)  C03naHH^  MeqnUHHCKHX 
noJiHMepoB  xpexbero  noKOJieHH5i. 
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Quantitative  physico-chemical  analysis 
of  chemisorption  on  complexing  silicas 


Yu.V.Kholin 


Kharkov  State  University, 

4  Svobody  Sq.,  310077  Kharkov,  Ukraine 

One  of  the  most  commonly  used  methods  for  investigating  complex  compounds  forming  silicas  (a 
quantitative  physico-chemical  analysis,  QPCA)  has  been  considered  in  the  paper.  It  was  subjected  to  some 
analysis  in  what  way  the  procedures  of  the  QPCA,  proposed  for  studying  the  complex  formation  in 
solutions,  have  to  be  changed  to  take  into  account  the  features  of  chemisorption  on  the  complex 
compounds  forming  silicas.  The  overview  of  the  meaningful  physico-chemical  models  which  are  in  use  to 
interpret  primary  data  of  QPCA  has  been  presented.  The  methods  to  establish  the  structure  of  the  models 
and  to  find  their  parameters  have  been  discussed.  The  thermodynamical  justifications  of  the  models  have 
been  presented  and  the  connections  between  their  parameters  have  been  found.  The  paper  contains  the 
proposed  hierarchical  system  of  the  models  and  the  recommendations  for  their  use  in  practice. 


B  craTxi  p03rji5iHyT0  o^hh  3  HaHnoiUHpeHiiuHx  MeTOJ[^iB  ;xocjiixi5KeHHH  KOMnjieKcoyxBopioioHHx 
xiMiMHO  Mo;^H(J)iKOBaHHX  KpeMHe3eMiB  —  KiJibKicHHH  (J)i3HK0-xiMiHHHH  aHaJiis  (KOXA). 
npoaHajii30BaHO,  akhm  hhhom  cjii/i  sMinnxH  mcxoahkh  KOXA,  sanponoHOBani  ajih  BHBHeHHfl 
KOMHJieKCOyXBOpeHHH  B  p03HHHaX,  mo6  KOpeKXHO  BpaxyBaXH  OCOfijIHBOCXi  KOMnJieKCOyXBOpK)K)HHX 
KpeMHeseMiB.  ITpe^cxaBneHO  orimzi  3MicxoBHHX  (})i3HKO-xiMiHHHX  Mo^^ejien,  mo  ix  B>KHBaioxb  jim 
inxepnpexaqii'  nepBHHHHX  qannx  KOXA.  PosrjiHHyxo  Mexoqn  cxpyKxypHoi  napaMexpHHHoi 
meHXH^iKaqii  MoqejieH.  OdroBopena  xepMoqHHaMiHHa  ofirpyHXOBanicxb  Mo^^eJIeH,  3HaHAeHi  3B’fl3KH  Mm 
ix  napaMexpaMH.  SanponoHOBana  iepapxiHHa  cncxeMa  MoqejieH  i  naflani  peKOMeH^iaqu  3  ix 
BHKOpHCXaHH5I. 


Since  the  late  70s,  investigations  on  synthesis 
and  use  of  silicas  with  N,  O,  P,  S-containing  elec¬ 
tron-donor  groups  covalently  fixed  on  their  sur¬ 
faces  are  intensively  progressing  [1,2].  Sorbents  of 
this  type  (complexing  chemically  modified  silicas, 
CCMS)  are  used  to  separate  and  concentrate  met¬ 
al  ions,  in  the  development  of  heterogeneous  met¬ 
al-complex  catalysts,  etc.  [1,3].  One  of  methods  to 
study  CCMS,  quantitative  physico-chemical 
analysis  (QPCA),  is  the  division  of  a  physico¬ 
chemical  analysis.  It  deals  with  the  determination 
of  stoichiometric  composition  and  stability  con¬ 
stants  of  reagents  on  the  basis  of  relationships 
between  the  composition  of  a  system  and  a  cer¬ 
tain  its  property  in  equilibrium  conditions  [4]. 
The  objective  of  a  quantitative  physico-chemical 
analysis  as  applied  to  the  study  of  metal  ions 
chemisorption  on  CCMS  is  to  obtain  such  infor¬ 
mation  concerning  the  composition  and  thermo¬ 
dynamic  stability  of  complex  compounds  grafted 


to  the  SIO2  surface,  which  information  could  be 
compared  with  similar  data  characterizing  com¬ 
plexes  in  solutions.  The  accumulation  and  analy¬ 
sis  of  great  arrays  of  the  QPCA  results  will  make 
possible  the  quantitative  characterization  of  fac¬ 
tors  causing  the  changes  of  reactants  properties  at 
fixation  and,  on  this  basis,  the  application  of  a 
vast  information  relating  to  complex  formation 
equilibria  in  solutions  [5,6].  The  methodology  of 
the  QPCA  was  elaborated  to  study  the  chemical 
equilibria  in  solutions,  systems  containing  bot¬ 
tom  phases,  extraction  equilibria  [8,9].  It  cannot 
be  extended  mechanically  to  the  investigation  of 
equilibria  involving  objects  which  are  new  for 
chemistry,  namely,  complexing  silicas.  Physico¬ 
chemical  meaningful  models  [10]  designated  to 
account  for  the  CCMS  specific  features,  are  the 
tools  of  QPCA.  In  this  work,  such  models  and 
their  practical  applications  are  reviewed,  the  ther¬ 
modynamic  validity  of  models  is  discussed  and, 
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on  the  basis  of  these  considerations,  the  unified 
system  of  model  is  formed  instead  of  odd  ones. 

QPCA  features  in  systems  under 
consideration 

Let  a  functional  group  Q  be  fixed  on  a  silica 
surface,  a  group  concentration  is  t(0)  mol  per  kg 
of  CCMS.  A  weighed  CCMS  sample  with  the 
mass  fl,  kg,  is  brought  into  contact  with  a  known 
initial  volume  (F,  dm^)  of  a  salt  M  solution  (be¬ 
sides  of  M,  other  reactants,  X,  may  also  present  in 
the  solution).  Under  varying  a,  F,  total  reactant 
concentrations  in  solution  ^(M),  r(X)  (mol/dm^),  a 
certain  property  (^)  of  the  equilibrium  system  is 
measured,  e.g.  pH  of  solution,  light  absorption, 
amount  of  M  remained  in  solution  in  the  equilib¬ 
rium  conditions,  etc.  The  array  of  measurement 
results  offers  the  initial  data  for  QPCA,  a  "com¬ 
position-property”  dependence 

=/(r  (Q ),  (M ),  (X ), V^),  (1) 

where  k  is  the  number  of  experimental  point,/,  a 
function.  In  the  special  case,  when  adsorption  of 
M  on  a  complexing  silica  is  measured  at  a  con¬ 
stant  temperature,  Eq.(l)  is  defined  as  the  adsorp¬ 
tion  isotherm.  Dependence  (1)  is  specified  by  a 
table  on  a  finite  set  of  points;  therewith,  both 
arguments  f(Q),  f(M)  and  responses  g  values  are 
determined  with  certain  errors,  and  the  form  of 
function  /  is  unknown  a  priori.  The  problem  of 
QPCA  is  to  determine,  on  the  basis  of  dependence 
(1),  the  number  of  species,  stoichiometric  compo¬ 
sition,  and  thermodynamic  stability  of  complex 
compounds  MmQq  on  the  CCMS  surface.  To 
solve  this  problem,  meaningful  (physico-chemi¬ 
cal)  models  are  applicated.  These  are  constructed 
in  two  stages.  First,  the  structural  identification  is 
carried  out,  i.e.  such  a  form  of  function /is  speci¬ 
fied,  at  which  parameters,  having  a  physical  sense 
(e.g.  stability  constants  of  complexes),  are  fitting 
parameters  for  the  model.  On  the  second  stage, 
the  parametric  identification  of  the  model  is  ac¬ 
complished,  i.e.  from  the  condition  of  "the  best" 
approximation  of  dependence  (1)  by  the  model, 
the  numerical  values  of  fitting  parameters  are  de¬ 
termined.  The  particular  form  of  function /  does 
not  follow  from  thermodynamics,  but  any  form 
of  /  cannot  be  in  contradiction  to  the  general 
thermodynamic  principles.  First,  the  fact  must  be 
taken  into  account  that  the  true  thermodynamic 
components  (i.e.  substances  which  can  be  intro¬ 
duced  into  the  system  independently  of  each 
other)  are  not  the  solvent,  salt  (M),  ligands  (Q), 
and  carrier  (Si02),  but  the  solvent,  salt  M,  and 
supermolecule  [1 1]  of  complexing  silica,  each  such 


supermolecule  containing  a  certain  amount  of 
Si02  and  some  number,  s,  of  grafted  Q 
groups. Second,  complex  formation  takes  place 
on  the  solution-sohd  interface,  therefore,  in  con¬ 
structing  models,  the  thermodynamic  language  is 
to  be  used  which  has  beerl  approved  for  the  sur¬ 
face  phenomena  description:  Gibbs  method  or 
the  finite-thickness  layer  method  [12,13]. 

The  choice  of  thermodynamic 
language 

Recently,  a  work  was  published  [14]  where 
authors  have  attempted  to  avoid  the  choice  be¬ 
tween  the  Gibbs  method  and  the  finite-thickness 
layer  method  and,  at  a  minimum  of  assumptions, 
have  considered  an  adsorption  system  using  the 
fundamental  Gibbs  equation  for  adsorption.  It  is 
impossible  to  use  that  approach  to  justify  the 
QPCA  practice,  because,  when  the  fundamental 
equation  alone  is  used,  the  expression  for  chemi¬ 
cal  potentials  of  reactions,  pi,  are  not  specified 
and,  consequently,  the  form  of  the  mass  action 
law  is  undetermined.  Having  established  expres¬ 
sions  for  Pi,  the  authors  [14]  were  going  to  the 
finite-thickness  layer  method  without  stating  this 
fact  explicitly.  Such  an  "imphcit"  character  of  the 
transition  may  create  the  illusion  that  the  QCPA 
of  chemisorption  can  be  strictly  substantiated  di¬ 
rectly  by  the  fundamental  Gibbs  equation,  with¬ 
out  account  for  approximations  and  restrictions 
associated  with  the  adsorption  determination 
used  in  the  finite-thickness  layer  method. 

According  to  Gibbs,  adsorption,  F,  is  an  ex¬ 
cessive  quantity.  Due  to  this,  T  cannot  charac¬ 
terize  the  near-surface  layer  composition,  and,  in 
the  Gibbs  method,  concentrations  became  sense¬ 
less.  Since  the  QPCA  involves  the  evaluation  of 
stability  constants  and,  therefore,  the  use  of  con¬ 
centrations,  the  Gibbs’  method  is  unsuitable  to 
justify  the  QPCA. 

In  terms  of  the  finite-thickness  layer  method, 
an  adsorption  system  is  considered  as  that  con¬ 
sisting  of  three  phases:  an  inner  sorbent  volume 
whose  properties  remain  unchanged  at  adsorp¬ 
tion,  a  homogeneous  liquid  phase,  and  an  unho- 
mogeneous  adsorption  layer  (AL)  [12,13].  Let  us 
consider  the  relationship  between  the  experimen¬ 
tally  measured  value  of  adsorption,  g,  and  the 
adsorption  definition  as  the  total  sorbate  content 
in  the  adsorption  layer.  In  the  first  case, 

g=F-{/(M)-[M]}/a,  (2) 

where  F  is  the  initial  volume  of  solution;  for  the 
second,  the  expression 
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X  =  (\/a)^^  Ciz)  dz,  (3) 

is  valid,  where  c{z)  is  the  M  concentration  in  the 
adsorption  layer  varying  along  the  normal  (z)  to 
CCMS  surface;  zi,Z2  are  the  positions  of  the  layer 
boundaries.  It  is  obvious  that  X  depends  on  the 
choice  of  AL  boundaries.  The  farther  the  outer 
boundary  is  drawed  from  the  surface,  the  greater 
are  the  AS  volume  and  X,  value.  Such  an  incer¬ 
tainty  is  a  essential  disadvantage  of  the  method 
comphcating  its  application.  In  the  same  time,  the 
X  gives  a  quantitative  estimation  of  the  near-sur¬ 
face  layer  composition-  The  difference  between  g 
and  X  can  be  easily  found  as 

g-x={f  -V)-[UVa, 

where  is  the  equilibrium  volume  of  homogene¬ 
ous  solution  minus  volume  included  in  the  AL. 
Since  volume  of  diluted  solution  varies  insignifi¬ 
cantly  at  reactions,  the  difference  between  g  and 
X  is  small,  too.  Therefore,  it  is  allowable  to  inter- 
prete  the  measured  quantity  g  as  the  thermody¬ 
namically  rigorous  X  one,  bearing  in  mind  that 
such  approach  is  somewhat  approximative. 

Two  methods  to  express 
concentrations  of  grafted  species 

In  the  initial  stage  of  the  simulating  complex 
formation  equilibria,  the  concentrations  of 
grafted  species  were  related  to  the  volume  of  liq¬ 
uid  phase  and  measured  in  mol/dm^  ("the  homo¬ 
geneous  approach").  Later,  the  "heterogeneous" 
approach  was  believed  to  be  more  justified,  ac¬ 
cording  to  which,  the  species  concentrations  were 
related  to  a  sample  mass  or  to  CCMS  surface  area 
[15,16].  If,  however,  we  understand  adsorption  to 
be  a  total  content  of  sorbate  in  a  finite  thickness 
layer,  the  conclusion  about  approximative  char¬ 
acter  of  both  appo aches  can  be  drawn.  That  ap¬ 
proximativeness  is  the  price  which  must  be  paid 
for  the  uncertaintities  in  the  establishing  of  ad¬ 
sorption  layer  boundaries  and  for  the  absence  of 
aprioric  information  about  its  inhomogeneity.  In¬ 
deed,  the  relation  of  the  grafted  species  concen¬ 
trations  to  the  CCMS  mass  or  to  the  solution 
volume  is  equivalent  to  the  assumption  that  the 
phase  interfaces  are  so  established  that  the  actual 
AL  is  "compressed"  up  to  a  monolayer  formed  by 
anchored  ligands  and  complexes.  Therewith,  the 
liquid  phase  is  believed  to  be  homogeneous,  as 
before,  and  the  influence  of  carrier  on  the  com¬ 
plex  formation  is  not  taken  into  account  explic¬ 
itly.  In  fact,  the  concentrations  of  species  are 
related  to  an  area  of  that  model  monolayer.  The 
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value  of  that  area  is  unknown.  It  can  be  assumed 
to  be  proportional  (perhaps  equal)  to  the  surface 
area  (A)  of  CCMS  as  determined  by  the  physical 
adsorption  of  nitrogen,  phenol,  etc.  Then,  the 
concentration  of  grafted  species  must  be  related 
to  A  and  expressed  in  mol/m^.  Since 

A=a-A^p,  (5) 

where  Asp  is  the  specific  surface  area,  m  /kg,  there 
exists  an  equivalent  way  to  express  the  concentra¬ 
tions.  One  can  relate  the  concentrations  to  the 
mass  of  sorbent  (a)  and  express  as  mol  per  kg  of 
CCMS.  Formally,  the  decision  to  relate  concen¬ 
tration  of  grafted  species  to  a  surface  area  or  a 
mass  of  CCMS  corresponds  to  description  of  the 
system  as  two-phase  heterogeneous  one  (solu¬ 
tion  +  adsorbent).  Another  assumption,  namely 
that  the  area  of  a  "model"  monolayer  is  propor¬ 
tional  to  the  liquid  phase  volume.  In  this  case, 
concentrations  of  species  must  be  related  to  the 
volume  V  and  expressed  in  mol/dm^.  Then  the 
chemisorptional  system  is  considered  as  a  homo¬ 
geneous  one. 

If  the  adsorption  isotherm  for  M  is  measured 
under  condition  of  constant  alV  ratio  for  all  ex¬ 
perimental  points,  the  "homogeneous"  and"het- 
erogeneous"  approaches  are  equivalent  to  each 
other:  for  reaction 

wM-h^Q  =  Mr„Qq,  (6) 

where  m,  q  are  stoichiometric  indexes  and  coeffi¬ 
cients,  the  concentrational  stability  constant  for  a 
fixed  complex  MmQq  in  the  "homogeneous"  con¬ 
cept  is  determined  as 

where  quantities  in  brackets  are  the  equilibrium 
concentrations.  The  value  of  constant  in  the  "het¬ 
erogeneous"  approach  (pjw)  differs  only  by  a  con¬ 
stant  factor  [17]:  pjm  =  •  («/ )^  In  other 

cases,  it  is  possible  to  determine  which  of  con¬ 
cepts  is  more  close  to  truth  through  comparing  a 
quality  of  approximation  of  dependence  (1)  with 
both  approaches.  Special  experiments  have 
shown  that  adsorption  isotherms  are  described 
somewhat  better  in  terms  of  "homogeneous"  ap¬ 
proach  [17,18]. 

General  requirements  to 
meaningful  models  of 
chemisorption  on  CCMS 

Whatever  the  structure  of  a  meaningful 
physico-chemical  model  may  be,  it  must  contain 
equations  of  three  types:  1)  equations  describing 
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the  relationships  between  the  property  being 
measured  and  the  equilibrium  composition;  2) 
material  balance  equations;  3)  equations  of  the 
mass  action  law  (MAL).  The  property  under 
measurement  can  be  essentially  always  expressed 
as  a  linear  combination  of  equilibrium  concentra¬ 
tions 

z  (8) 

/  =  1 

where  Li  are  species;  Z,  their  number;  at,  coeffi¬ 
cients  (known  or  to  be  determined,  called  some¬ 
times  "intensity  factors"  [19]);  quantities  in 
brackets,  the  equilibrium  concentrations.  To 
write  the  material  balance  conditions,  let  use  the 
canonic  form  of  reaction  description  [20] 

=  (’) 

7  =  1 

where  Bj  is  a  subset  of  reactants  called  inde¬ 
pendent  components;  yiy,  stoichiometric  coeffi¬ 
cients.  The  number  of  independent  components, 
p,  is  equal  to  the  number  of  species  (Z)  minus  the 
number  of  reactions  between  them  (r):  p  =  Z-r. 
The  invariants  of  the  system  are  total  concentra¬ 
tions  of  components: 

z  z 

S  =  ^  }  =  1.2,,.., A  (10) 

/=1 

where  c(Li)  are  initial  Li  concentrations,  known 
from  the  conditions  of  reactants  blending.  Equa¬ 
tions  (10)  specify  the  material  balance  conditions. 
MAL  equations  for  the  complex  formation  in  so¬ 
lution  have  the  form 

p 

[L,]  =  exp  {In  (3,  +  [Bj^i  =  1,2,...,Z,  (1 1) 

;=i 

where  Pi  is  a  concentrational  stability  constant  of 

Lu 

p 

In  p,.  =  In  pf  +  In  Y;  “  In  Y„  ( *  2) 

;=i 

T 

where  P/  is  a  thermodynamic  constant;  yy,  ac¬ 
tivity  coefficients.  Since,  in  complex  formation 
studies,  the  method  of  constant  ionic  strength  is 
used,  yj,  yy  do  not  vary  at  reactions,  and  the  use  of 
concentrational  constants  pi  instead  of  thermo¬ 
dynamic  ones  (pi)  does  not  provoke  objections 
[8]. 

Extending  the  experience  of  the  equilibrium 
simulation  in  solutions  to  equilibria  in  adsorption 


layers  of  CCMS,  we  cannot  change  two  first 
groups  of  equations  specifying  the  function  /. 
There  are  MAL  equations  (or,  equivalently,  ex¬ 
pressions  specifying  the  chemical  potentials  of 
species  in  the  AL)  which  must  be  modified.  Ad¬ 
sorption  layer  is  not  to  be  Considered  as  an  usual 
phase.  There,  reactants  concentrations  are 
anomalously  high,  distribution  of  ligands  on  the 
support  surface  is  inhomogeneous,  a  distorsion  of 
coordination  spheres  of  anchored  complexes  are 
possible,  etc.  As  a  result,  the  grafted  species  are 
energetically  inhomogeneous,  compounds  may 
build  up  having  no  analogues  in  solutions,  the 
possibility  of  lateral  interactions  of  fixed  ligands 
and  complexes  must  be  taken  into  account.  Mod¬ 
els  which  bring  several  modifications  into  the 
MAL,  have  accounted  for  distinct  AC  features. 

The  great  diversity  of  models  complicates  sig¬ 
nificantly  achieving  the  QPCA  main  objective  — 
the  generalization  of  great  data  arrays  concerning 
the  composition  and  stability  of  fixed  complexes 
—  and  hinders  the  creation  of  a  complete  molecu¬ 
lar-statistical  model  of  chemisorption  on  CCMS. 
In  this  connection,  we  believe  that  it  is  necessary 
to  present  the  unified  system  of  models  instead  of 
odd  individual  ones  and  to  demonstrate  how  the 
parameters  of  different  models  are  related  to  each 
other.  Moreover,  for  all  models,  the  possibility  of 
transition  from  "subcomponents"  Q,  MmQq  to  the 
true  thermodynamic  components  is  to  be  esti¬ 
mated. 

The  unifled  system  for  models  of 
chemisorption  on  CCMS 

All  models  are  subdivided  into  two  groups. 
Those  taking  into  account  explicitly  the  energetic 
inhomogeneity  of  the  absorption  layer  are  be- 
lon^'ing  to  the  first  group.  It  is  advantageous  to 
use  them  when,  at  the  interaction  of  M  with  a 
fixed  group  Q,  the  only  fixed  complex  MQ  is 
formed 

M-hQ  =  MQ.  (13) 

What  is  considered  is  degree  of  complex  MQ 
formation 

e  =  [MQ  ]//(Q  )  =  {/(M )  -  [M  ]}/Y(Q ),  (14) 

which  is  proportional  to  the  adsorption 

0=^.fl/{F-/(Q)},  (15) 

as  well  as  the  concentration  equilibrium  constant 

a:=[MQ]/[M]  [Q]  =  e/j[M]  -  (I-/)}.  (i6) 

Model  of  continuous  distribution  of  the  equilib’ 
rium  constants.  The  energetic  inhomogeneity  of 
CCMS  is  meant  to  be  a  distinction  between  the 
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standard  chemical  potentials  of  fixed  species  hav¬ 
ing  the  same  stoichiometric  composition.  In  other 
words,  in  the  case  of  the  energetic  inhomogeneity 
of  complexing  silica,  the  standard  states  of  Q  and 

MQ  do  describe  not  the  unique  values  and 

fxIilQ,  but  sets  of  values  {|i2i}  and  {piftiQ}.  Since  the 
equilibrium  constant  of  reaction  (13)  is  specified 
as  follows 

K  =  exp{-(n^Q  -  -  HgV/?  r },  ^ 

the  equilibrium  constant  will  be  represented,  too, 
by  a  set  of  values  {Ki}.  To  define  the  energetic 
inhomogeneity  of  a  CCMS,  we  must  determine, 
what  part  of  fixed  groups  (in  relation  to  their 
total  number)  is  characterized  by  a  given  value  of 
the  constant.  In  other  words,  one  should  found 
the  distribution  function  of  groups  in  the  con¬ 
stant  values,  p(K)  (the  probability  density  of  equi¬ 
librium  constants).  Often,  it  is  more  convenient  to 
use,  instead  of  the  differential  distribution  func¬ 
tion  p(K),  the  integral  one 

P(K)  =  f^pix)dx, 

Assuming  the  formation  of  unique  fixed  com¬ 
plex  MQ  and  absence  of  lateral  interactions,  we 
have  obtained  an  expression  relating  the  experimen¬ 
tal  0  values  to  the  sought  for  function  p(K)  [21]: 

00 

=  (i9) 

0 

where 

Y(K,[M])=K^  [M]/(1+A:*[M]).  (20) 

Eq.(19)  is  mathematically  identical  with  the 
Langmuir  equation  for  the  physical  adsorption 
on  a  heterogeneous  surface  [22,23]  and  with  equa¬ 
tions  describing  inhomogeneity  of  humic  acid  [24] 
and  proteins  [25].  The  parametric  identification 
of  the  model,  that  is  the  p(K)  calculation  on  the 
basis  of  an  experimentally  measured  function 
0([M]),  is  a  difficult  problem,  since  the  solution  of 
integral  equation  (19)  (Fredholm  1st  type)  is  a 
typical  example  of  an  ill-posed  problem  [27] 
(many  possible  solutions  exist  consistent  with  ex¬ 
perimental  data).  By  now,  however,  methods 
have  been  developed  to  evaluate,  reliably  enough, 
the  energic  inhomogeneity  [23,28,29],  therewith 
the  integral  distribution  function  P(K)  is  deter¬ 
mined  more  accurately  than  p(K). 

The  model  of  continuous  distribution  allows 
to  go  from  "subcomponents"  Q  to  the  true  ther¬ 
modynamic  component  {(Si02)xQ5}'  The  chemi¬ 
cal  form  {(Sj02)xQs}  is  an  ^-dentate  bonding 


center  to  which,  in  step-by-step  manner,  low-mo¬ 
lecular  particles  M  add  to  create  chemical  form 
{(SI02)xQ3M},  {(Si02)xQ3M2},  etc.  The  com¬ 
plexing  process  is  described  with  an  array  of  sta¬ 
bility  constants 

K,  =  KSi02)AM/l/{[(Si02)^Q,]  •  [M  ]' ),  (21) 

where  bracketed  symbols  mean  equilibrium  con¬ 
centrations.  The  titration  curve  of  ^-atomic  acid 
or  base  is  known  to  be  identical  to  that  of  solu¬ 
tion  containing  s  monoatomic  acids  (or  bases)  in 
equal  concentrations,  if  protonizations  constants 
(Ki)  of  conjugated  monoatomic  bases  and  overall 
protonizations  of  j-atomic  base  are  such  that 

veQ  ^  ^ 

j 

where  the  set  Q  of  allowable  vj  values  is  specified 

s 

by  the  conditions  vj<  1;  vj>  0;  =  h 

j=  1,2,.. -A  [30,31].  If  the  continuous  integral  dis¬ 
tribution  function  P(K)  is  approximated  with  a 
j-stepped  function,  it  means  that  we  describe  a 
chemisorption  process  as  the  addition  of  particles 
M  to  j  monobasic  bonding  centers  with  different 
constants  Ki.  At  great  values,  the  error  of  ap¬ 
proximation  of  P(K)  with  a  stepwise  function  is 
negligible.  Now,  using  Eq.(22),  it  is  easy  to  go 
from  K{  constants  set  to  an  array  of  constants  k/, 
which  do  describe  the  experimental  adsorption 
isotherm  as  good  as  Ku  but,  unlike  the  latter, 
characterize  properties  of  the  Gibbs’  component 
of  a  system  (i.e.  those  of  CCMS)  as  a  whole. 

The  electrostatic  model  is  used  when  species 
are  charged,  e.g.  if  Q  is  electrically  neutral  and  M 
and  MQ  bear  a  charge.  Bonding  the  charged  par¬ 
ticles  with  fixed  groups  is  believed  [1,14,32]  to 
result  in  formation  of  a  charged  adsorption 
monolayer  on  the  CCMS  surface  and  of  electric 
double  layer  (EDL)  in  the  adjacent  solution  vol¬ 
ume.  The  influence  of  the  AL  electrostatic  field 
on  the  charged  ions  in  solution  is  accepted  to  be 
the  cause  of  the  EDL  inhomogeneity.  The  actual 
discrete  distribution  of  charges  on  the  surface  is 
replaced  to  homogeneous  continuous  one.  Ions  in 
solution  are  considered  as  point  charges.  The 
change  of  Gibbs  energy  associated  with  the  bond¬ 
ing  of  1  mol  of  M  to  1  mol  of  grafted  groups  Q  is 
subdivised  into  two  items: 

^G  =  -23RTlgK  =  ^G^^,,^+LG,^,  (23) 

where  K  is  the  quantity  being  calculated  accord¬ 
ing  to  Eq.(16),  A  Gchem,  the  contribution  due  to 
the  chemical  interaction: 
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A  =  -2-3  RTlgl^,  (24) 

where  is  the  "intrinsic"  equilibrium  constant; 
AG^/,  the  transfer  work  of  1  mol  of  ions  M  from 
the  bulk  solution  onto  the  charged  surface.  The 
bonding  of  each  new  M  particle  requires  an  ever- 
increasing  work  expenditure  t^Gei  against  electro¬ 
static  field  forces.  Consequently,  the  equilibrium 
constant  calculated  from  Eq.(16)  must  decrease 
when  0  raises. 

To  recognize  the  type  of  K{^)  relationship,  i.e, 
to  perform  the  structural  identification  of  the 
electro  statical  model,  one  must  be  able  to  calcu¬ 
late  AGe/.  Several  EDL  models  and  respective  ex¬ 
pressions  for  AGe/  are  discussed  in  literature 
[32-34]. If  EDL  is  considered  as  a  flat  condenser, 
then 

AG^l  =  23RTbe,  (25) 

where  b  is  positive  factor  depending  on  the  EDL 
thickness,  CCMS  specific  surface  area,  dielectric 
constant  of  the  medium  in  EDL,  and  Q  groups 
concentration.  Combining  Eqs.(16),(19),  and 
(20),  we  obtain  [35] 

lgK=lgK^ -be  =  lg{Q/(l-Q)+pM,  (2^) 
where  pM  =  -  /g  [M  ].  Equation  (26)  specifies  the 
function  0  (pM )  unexplicitly:  at  known  IgK^,  h 
and  prescribed  pM,  the  calculation  of  0  is  per¬ 
formed  numerically.  To  determine  parameters 
Ig  and  b,  it  is  necessary;  1)  to  calculate  Igi^ 
according  to  Eq.(16)  from  measured  0  and  pM 
values;  2)  to  construct  the  plot  of  \gK  vs.  0.  If  this 
relationship  is  linear,  it  means  that  it  is  possible 
to  use  the  model.  The  free  term  gives  an  estima¬ 
tion  of  IgA^^,  the  slope,  that  of  b  parameter.  The 
transition  from  parameters  IgK^  and  b  to  con¬ 
stants  is  evident  enough:  it  is  sufficiently  to 
approximate  discrete  values  by  means  of  the 

function  k(Q)  =  K^  ■  I  O’*®  [36]. 

The  relationship  between  electrostatic  and  con¬ 
tinuous  constants  distribution  models.  To  reveal 
the  relationship  between  models,  one  must  estab¬ 
lish  how  the  function  p(lgK)  and  its  moments  (av¬ 
erage,  dispersion,  and  asymmetry) 

+CO 

E^jlgKpilgK)dlgK-, 

—00 

7  2  (22) 

D=\ilgK-Efp(IgK)d!gK-, 


+CO 

A=j(lgK-  E)^  p{lg  K)dlgK 

-CO 

are  associated  with  the  parameters  \gK^  and  b 
describing  the  same  adsorption  system.  It  is 
shown  [35]  that 

E  =  lgK^~b/2\  D  =  b{b/12-^0A34)-  A-^0. 

In  the  case  if  an  adsorption  isothenn  is  de¬ 
scribed  by  the  electrostatic  model  with  parame¬ 
ters  \gK^  and  b,  that  isotherm  will  be  described  in 
just  the  same  quality  by  the  continuous  constants 
distribution  with  a  symmetrical  distribution  func¬ 
tion  p(lgK),  the  average  and  dispersion  being  de¬ 
termined  by  Eq.(28).  On  the  other  hand,  if  the 
function  p(\gK)  is  asymmetric,  then  the  electro¬ 
static  model  corresponding’  to  it  does  not  exist. 
Therefore,  the  electrostatic  model  as  descnbed  by 
Eq.(26)  must  be  considered  as  a  special  case  of  the 
continuous  distribution  model,  and  only  the  lat¬ 
ter  is  to  be  used  to  treat  the  experimental  data. 
The  result  of  calculation  performed  according  to 
this  model  will  allow  to  recognize  if  the  inhomo- 
geneity  effects  can  be  interpreted  on  the  basis  of 
electrostatic  motions. 

Models  of  chemical  reactions,  fixed  and  statis¬ 
tical  poly  dentate  centers.  In  those  models,  the  ad¬ 
sorption  layer  inhomogeneity  is  not  taken  into 
account  explicitly.  The  features  of  that  layer  can 
manifest  themselves  in  an  anomalous 
stoichiometry  and/or  stability  of  fixed  complexes. 
In  those  models,  the  form  of  MAL  traditional  for 
solution  is  modified  by  different  manners  (see  Ta¬ 
ble).  For  the  statistical  polydentate  centers,  a  jus¬ 
tification  based  on  the  statistical  thenno dynamics 
method  has  been  given  [37,38].  CCMS  is  consid¬ 
ered  as  a  two-dimensional  lattice  whose  points 
ar  occupied  by  bounding  centers.  Lateral  inter¬ 
ne  locis,  unhomogeneity  effects,  etc.,  are  not 
taken  into  account. 

The  fitting  parameters  for  those  mo  dels  are 
determined  either  by  simplified  g'aphical  and 
manual  calculation  methods  based  on  the  use  of 
auxiliary  functions  (e.g.  Bjerrum,  Lejden,  etc.) 
[7 — 9],  or  by  modern  computational  ones 
[7,9,20,39,40]  to  obtain  the  best  possible  agree¬ 
ment  between  measured  and  calculated  adsorp¬ 
tion  values.  The  fundamental  difference  between 
the  application  of  auxiliary  functions  to  study 
equilibria  la  solutions  and  on  CCMS  surface  has 
been  pointed  out  first  by  Tertykh  and  Yanishpol- 
sky  [41].  The  parametric  identification  of  models 
is  performed  in  several  steps  [20,39].  First,  the 
discrete  parameters  are  fixed,  namely,  the  number 
of  fixed  species  and  stoichiometric  indices  in  their 
formulas.  For  a  prescribed  hypothese  dealing 
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Table.  Models  accounting  explicitly  for  the  variety  of  chemical  fonns  in  the  adsorption  layer 


Name 

Model  characteristic 

Reactions  of  the 
complexing  silica, 
with  components  M 
being  sorbed 

Expressions  for  stability  constants 

l' 

Characteristic 

parameters 

Fixed 
polydentate 
centers  (FPC) 
[15,16] 

CCMS  is  an  array  of 
quasi-independent 
fragments 

containing  some  number  (>0 
of  grafted  groups. 

The  reaction  with  the 
number  y 

of  groups  Q  is  considered 
as  that  with  one  y-dentate 
ligand  (Q^.) 

(Qy)  +  M  =  M  Qy 

(Qy)  +  2M=M2Qy 

(Qy)  +  pM=MpQy 

«^  =  lMpQy]/([Mf  x[(Qy)] 

Statistical 
polydentate 
centers  (SPC) 
[37,38] 

The  aggregation  of  some 
number  (/ ) 
of  grafted  groiq)s  Q 
resulting 

in  the  formation  of  an 
i-dentate  ligand  takes  place 
immediately 
in  the  course  of  the  MQ^ 
complex  formation 

Q+M=MQ 

2Q  =  Qj;  Qj  +  M  =  M  Q2 

iQ  =  Qj:  Qj  +  M  =  M  Qj 

p®x-(MQi]/([MJx[Q]‘)x,(4‘ 

y  =  max  /, 

Tj.,  i.e.  number 
of  groups 
consisting  of  i 
ligands  Q, 
including  fixed 
one, 

capable  to 
form  the 
complex  MQi; 

(p^) 

Chemical 
reactions 
(CR)[17]: 
a)  without 
regard  for  the 
heterogeneity; 

b)  accounting 
for  the 

heterogeneity 

Do  not  introduce  a  priori 
any  assumptions  about 
reactions 
of  grafted  groups; 
the  features  of  the  system 
may  manifest  themselves  as 
anomalous  composition 
and/or  stability  of  fixed 
complexes 

Q  +  M  =  MQ 
iQ  +  pM  =  MpQj 
IjifQ  is 
monodentate; 
p  >  1 ,  if  Q  is  polydentate 

P/p=[MpQi]/([Mf  x(Ql') 

h 

with  reactions,  a  criterial  function  is  minimized  in 
respect  to  the  stability  constants  of  fixed  com¬ 
plexes;  such  a  function  can  have,  for  example,  the 
form 

N 

=  (29) 

where  is  the  number  of  experimental  points  of 
the  composition-property  dependence;  A/c,  the 
discrepancy  between  the  calculated  and  measured 

values  of  adsorption  A/c  =  gJc  m//c,  the 

statistical  weight  of  the  fc-th  measurement, 

wk  =  [a/c  •  csk,  estimation  of  the  relative 


error  for  gk  measurement.  If  errors  are  estimated 
properly,  the  model  under  testing  describes  ade¬ 
quately  the  experimental  data  at  5^?  of  order  of 
unity  [42].  If  is  too  large,  new  complexes  are 
introduced  into  the  model,  and  the  calculation  is 
repeated.  It  should  be  noted  that  least  squares 
problem  (29)  is  of  ill-posed  nature:  there  are 
many  sets  of  fitting  parameters  compatible  with 
experimental  data  [43].  from  the  chemical  view¬ 
point,  it  means  that  a  specific  chemisorption 
model  can  include  redundant  complexes  with  Ac¬ 
tive  stability  constants  and  the  used  computa¬ 
tional  programs  must  contain  means  to  eliminate 
the  redundancy. 
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Fig.l. 

It  seems  at  first  glance  that  models  based  on 
chemical  reactions  (CR),  fixed  polydentate  cen- 
ters  (FPC),  and  statistical  ones  (SPC)  describe 
isotherms  of  the  adsorption  on  CCMS  surface  in 
different  manners.  All  these  models,  however,  are 
in  effect  several  versions  of  the  lattice  model 
which  does  not  include  special  parameters  ac¬ 
counting  for  the  AL  inhomogeneity  and  lateral 
interaction  therein.  Comp  arising  the  expressions 

for  ^ip  (CR  model)  and  pft/  (SPC  model)  we  can 
see  [17]  that 

Ig  Pa  =  Igifi  •  -t,)  +  (1  -  i)  Ig  t{Q}-  Ig  i, 

Ig  Pa  =  Ig  (P?  •  +  (1  -  0  ‘g  {t  (Q  -  Ig 

where  stability  constants  marked  by  asterisk  are 
referred  to  the  "heterogeneous”  version  of  the  CR 
models  (i.e.  when  concentrations  of  fixed  species 
are  related  to  the  CCMS  mass).  The  SPC  model  is 
applicable  when  complexes  forming  on  the  sur¬ 
face  are  mononuclear  with  reference  to  the  metal. 
The  area  of  the  CR  model  application  is  wider, 
and  it  can  be  considered  as  a  generalization  of  the 
SPC  model. 

The  interrelation  between  FPC  and  CR  model 
parameters  is  less  evident.  To  look  for  it,  the  com¬ 
mon  base  for  both  models,  namely,  lattice  model 
was  considered.  The  necessary  relations  for  sev¬ 
eral  versions  of  models  have  been  obtained  [44]. 
So,  for  a  special  case  when  fixed  complexes  MQ 
and  MQ2  are  formed  having,  in  the  context  of  CR 
model,  the  stability  constants  pi  i  and  p2i,  the  fol¬ 
lowing  expression  is  valid: 


G  ! 


2''^Pll  P2i^(Qr^ 


Vi!  v^l  v^l 

V,  6  Q  ^  ^ 


(32) 


where  y  is  the  number  of  grafted  groups  forming 
a  single  polydentate  bonding  center;  the  set  Q  is 
determined  by  conditions  vi  =  0;  V2  =  0;  V3  =  0; 
y  =  VI -I- 2v2  +  V3;  /  =  vi+V2;  G  =  vi+V2  +  V3.  In 
particular,  at  y  =  2,  ai  =  2pi  i  +  2P2it  (Q  ), 
a2  =  Pn.  If  the  size  of  a  fixed  polydentate  center 
(y)  coincides  with  the  number  of  functional 
groups  (s)  grafted  to  a  CCMS  supermolecule,  the 
parameters  ai  transform  to  k/,  I  =  l,2,...,j.  Thus, 
equation  (32)  and  its  analogues  [44,45]  allow  to 
go  from  the  chemical  reactions  model  and  the 
polydentate  bonding  one  to  the  description  of  a 
CCMS  as  a  single  complexing  agent.  A  quantity 
depending  on  experimental  conditions,  namely, 
the  concentration  f(Q)  is  included  in  Eq.(32).  It 
v/ould  seem  that,  by  varying  f(Q),  the  FPC  and 
CR  models  can  be  discriminated  (it  is  possible  to 
establish  which  of  them  is  more  realistic):  for  this 
purpose,  one  must  vary  f(Q)  and  recognize,  by 
observation,  which  parameter  —  p  or  a-varies. 
When  the  homogeneous  version  of  the  CR  model 
is  used,  f(Q)  can  be  varied  by  changing  the  a/V 
ratio.  In  the  case  of  the  heterogeneous  version 
application,  the  a/V  changes  do  not  influence  on 
t(Q)  value  (mol/kg).  Therefore,  both  models  men¬ 
tioned  are  equivalent,  and  adsorption  isotherms 
obtained  from  each  of  them  will  coincide  with 
each  other. 

The  "equivalent  sorption  degree"  model 
(ESDM)  [46]  is  the  last  those  under  considera¬ 
tion.  It  is  proposed  as  an  alternative  to  the  ap¬ 
proach  using  the  stability  constants  to  describe 
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the  equilibria  of  fixed  complex  compound  fonna- 
tion.  The  equilibrium  of  reaction 

M  +  (Qy)  =  MQy,  (33) 

where  Qy  is  >^-dentate  bonding  center,  is  supposed 
to  be  characterized,  instead  of  the  stability  con¬ 
stant,  by  the  equivalent  sorption  degree 

«,  =  [MQy]A(M)^— (34) 

where  total  and  equilibrium  concentration  are  re¬ 
lated  to  the  solution  volume  (mol/dm^),  f(M)  is 
the  known  total  concentration  of  M  equal  to 
f(Qy)  concentration.  The  application  of  ESDM, 
according  to  [46],  is  justified  when  the  only  com¬ 
plex  MQy  is  formed  on  the  surface,  lateral  interac¬ 
tions  between  grafted  species  do  not  take  place, 
ligands  are  grafted  to  the  surface  uniformly.  It  is 
obvious  that  the  formation  of  the  only  fixed  com¬ 
plex  is  described  with  the  only  parameter,  be  it 
the  stability  constant  or  Ue.  At  the  specified  f(M), 
there  is  an  unique  correspondence  between  ae  and 
a,  thus,  the  ESDM  is  a  special  case  of  the  FPC 
model. 

The  analysis  performed  allows  to  establish  the 
unified,  thermodynamically  justified  system  of 
meaningful  physico-chemical  models  for  the  in¬ 
terpretation  of  the  QPCA  results  (see  Figure). 
Names  of  models  which  are  recommended  for  the 
treatment  of  original  experimental  data  are  given 
in  bold  frames. 
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KoJlHHeCTBCHHblH  4)H3HKO-XHMHHeCKHH  aHaJIH3  XeMOCOp6uHH  Ha 
KoivinjieKcoo6pa3yiomHX  KpeiviHe3eMax. 

IO.B.Xojihh 


B  cxaTbe  paccMoxpeH  H3  nanGoiiee  pacnpocxpaneHHbix  mcxo/iob  Hccjie;^oBaHH5i 

KOMnJICKCOoSpaayiomHX  XHMHHCCKH  MO^H(})HUHpOBaHHbIX  KpeMHeaeMOB  —  KOJIHUeCXBeHHblH  (l)H3HKO- 
XHMHuecKHH  aHajiH3  (KOXA).  npoaHajiH3HpoBaHo,  KaK  cJieflyex  H3MeHHXb  mcxo^hkh  KOXA, 
npe^jiOKeHHbie  Alia  Hcciie^OBaHH^i  KOMnjieKcoo6pa30BaHH5i  b  pacxBopax,  HXo6bi  KOppeKXHO  yuecxh 
ocoGchhocxh  xeMocopGuHH  Ha  KOMnJieKcooGpaayiomHX  KpeMHeaeMax.  npe^cxaBJieH  o630p 
conep>KaxenbHbix  4)H3HK0-xHMHHecKHX  MOAeJieH,  HcnoJibsyeMbix  HHxepnpexaqHH  nepBHHHbix 
AaHHbix  KOXA.  PaccMoxpeHbi  MexoAbi  cxpyKxypHOH  h  napaMexpHuecKOH  HAeHXH(t)HKauHH  moacjich. 
OGcyTOCHa  xepMOAHHaMHuecKaa  o6ocHOBaHHocxb  moacjich,  HaHACHbi  cbh3H  Me^y  hx  napaNiexpaMH. 
npeAJio}KeHa  HepapxHHecKan  CHCxeMa  MOAeJieii  h  Aanbi  peKOMCHAaquH  no  hx  HcnonbaosaHHio. 
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di(m«h,le»  phcphonlo)  are  amino- 


KpS::^^™"  ri7rr"“ ”“™  "«»«(*««» 

flH(MeTHTOH(})0C(l)0H0By)  Ta  N-ermiBHiiiaMiH  N^’ ^-nponiJiaMiHo- 

oxapa^ep„3^0B7„o  .aL„  l—T 

K2.«,on“  SMP  BHCOKOJ  P„,™„,  p„™oS'.®4^“SV.2^Tr'S^"T 
npoTOaiTHHHl  Ta  KOMnjieKCOVTBODIOIOwi  R7i!,rTi.»^,v,^  ^  ^  ®  ^  ‘  BHBleHO 

BHaBaeHo  BHcoKy  c^e.aHBHicrB  B3aeMo;,iJ  3aKpinaeHHX  kh”' ioHarCa^Ta"^^'’ 


Inorganic  materials  with  chemically  modified 
surface  nature  (CMM)  have  practically  excluded 
the  organic  polymers  in  such  areas  as  chroma¬ 
tographic  stationary  phases  [1],  catalysts  [2],  ear¬ 
ners  for  enzymes  immobilization  [3],  owing  to 
their  advantages  over  the  polymeric  materials. 
Vanous  modifications  of  siUca  are  the  main  and 
most  comprehensively  studied  bases  for  the 
CMM  creation  [4].  SUica  is  chemicaUy  inert  and 
does  not  effect  substantially  on  the  CMM  proper¬ 
ties  because  contains  no  strongly  acid  or  basic 
centers,  in  opposed  to,  for  example,  AI2O3  or 
1O2  [5],-  Wide  varieties  of  organic  compounds 
have  been  fixed  on  silicas  by  means  of  covalent 
i^obUization.  e.g.  alkyl  and  aryl  derivatives 
16J,  alcohols  and  amines,  heterocyclic  and  sul¬ 
phur-containing  [4]  compounds.For  the  ion-ex¬ 
change  properties  development,  CMM  have  been 


obtamed  containing  fragments  of  carboxylic  and 
alkyl  sulphonic  acids  [8]  as  well  as  of  quartemaiy 
ammonium  salts  [8,9],  Vet,  the  methods  for  ob¬ 
taining  silicas  having  the  organophosphoric  com- 
plexing  agents  are  not  sufficiently  advanced. 
Phosphorus-containing  silicas  obtained  pre¬ 
viously  are  hydrolytically  unstable  and  have  low 
coating  degree  of  the  surface  by  modifying  agent 
[10].  In  the  same  time,  it  can  be  suggested  that 
unique  properties  of  amino  phosphonic  acids  [1 1] 
allow  to  obtain  promising  CMM  that  could  have 
prospective  properties  as  medium-acidity  ion-ex¬ 
changers  having  increased  affinity  to  j-  and  /-met¬ 
als,  stationary  phases  for  the  ligand-exchange 
chromatography,  adsorbents,  etc. 

The  aim  of  the  present  research  is  to  develop  a 
procedure  for  obtaining  a  new  class  of  chemically 
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modified  silicas  containing  organophosphorus 
complexing  groups  with  general  formula 


SiOj  : 


-PO3H2 


CH2PO3H2, 


[where  R=H,  CH3, 
CH2CH2N(CH2P03H2)2] 

which  combine  the  properties  of  ion-exchangers 
and  chelating  ligands.  We  also  intend  to  descnbe 
the  physico-chemical  properties  of  two  com¬ 
pounds  from  this  class,  namely,  of  3™”®' 
ditmethylene  phosphonic)  acid  (ADPA-S1O2) 

and  ethylenediamine-N’,N’-di(methylene  phos¬ 
phonic)  acid  (EnDPA-Si02)  covalently  bonded 
to  the  silica  surface  via  propylsilyl  spacer: 


— O. 


Si-lCH^),  -N, 


''CH2PO3H2 


ADFK-SiO. 


— O 


^Si-(CH2)3 


\;HjP03H2 


as  in  authors’  one  by  following  method  [12]:  to 
the  certain  amount  of  sorbent  (0. 1  g)  placed  m  the 
volumetric  flasks  of  50  ml  volume,  0.6  cm  of  gla¬ 
cial  acetic  acid  and  0.2  cm^  of  bromine  were 
added.  The  flasks  were  heated  on  a  sand  bath 
until  solution  discoloration,  then  5  cm  of  25  /o 
H2SO4,  10  cm^  of  0.25  %  potassium  vanadate  so¬ 
lution  and  10  cm^  of  5  %  ammonium  vanadate 
solution  were  added  to  Oask  and  diluted  with 
water.  The  solutions  were  allowed  to  stand  for 
30  min  to  colour  development.  The  absorption 
was  measured  at  X=430  nm,  /=1  cm.  The  calibra¬ 
tion  plot  was  obtained  with  potassium  dihydro- 
phosphate  solution.  Instead  of  the 
phosphorus-containing  sorbent,  an  amino  silica 
was  used  in  that  case.  The  dependence  of  the  solu¬ 
tion  optical  density  on  the  phosphorus  concentra¬ 
tion  can  be  described  by  the  straight  line 
y=  1.1323X+0.0519  with  the  correlation  coeffi¬ 
cient  r=0. 998. 

The  immobilized  groups  concentration  was 
determined  by  pH-potentiometric  titration  and 

additionaly  from  elemental  analysis  data.  Since, 
at  pH>8.5,  Si02  is  beginning  to  react  appreciably 
with  alkali,  the  titrations  were  performed  in  1  N 
KCl  solution,  what  diminishes  the  matrix  dissolu¬ 
tion  rate.  A  sample  of  sorbent  was  placed  into  a 
glass  containing  25  cm^  of  KCl  solution,  and 
ft  1  N  sodium  hvdroxvde  was  added  under  con- 


EnDFK-Si02 


Experimental 

Instruments 

IR  spectra  were  recorded  on  the  Perkin-Elmer 
Fourier  transform  spectrophotometer,  samples 
being  prepared  as  thin  films  between  KBr  win¬ 
dows.  NMR  spectra  on  P  and  C  nuclei  were 
taken  for  wetted  and  air-dried  powders  in  the 
temperature  range  180-300  K  on  the  Durham  in¬ 
strument  (200  MHz)  in  the  static  regime  as  well  as 
with  "magic  angle"  speening  and  cross-polariza¬ 
tion. The  contact  time  was  varied  from  0.1  to 
20  ms.  The  pH-metric  titrations  were  performed 
on  the  EV-74  ionometer  with  the  silver  chloride 
operating  electrode  and  glass  auxiliary  one 
(ESL  43-07  type). 

Procedures 

The  elemental  analyses  (C,  N,  H)  were  per¬ 
formed  on  an  elemental  analysator  by  Dumas 
method.  The  phosphorus  content  was  determined 
in  London  Analytical  Laboratory  service  as  well 


tinuous  mixing. 

The  complexing  properties  of  sorbents  were 
examined  potentiometrically.  To  this  end,  Ae 
sorbent  (0.2  g)  was  placed  into  a  glass  containing 
25  cm^  of  1  N  KCl  solution;  then,  a  solution  of  a 
metal  salt  was  added  in  the  amount  required  to 
achieve  the  molar  ratio  M(jt)/n.):L(w/.)=l:l  and 
the  slurry  was  mixed  for  20-30  min.  Then,  under 
continuous  mixing,  the  mixture  was  titrated  with 
0.1  N  NaOH  solution. 

The  non-linear  least-square  method  [13]  was 
used  to  calculate  the  stability  constants  values  for 
the  fixed  complexes,  by  minimizing  the  function 

si  =  [V(N  -  101-T  (pH*  -  pH^) 

where  k  is  the  No.  of  the  experimental  point;  N, 
the  number  of  points;  K,  the  number  of  unknown 
constants  (indices  b  and  e  meaning  the  value  cal¬ 
culated  using  estimated  constant  and  the  experi¬ 
mental  one,  respectively);  Wk,  the  statistical 
weight  of  k-th  measurement  (the  estimated  error 
ApH=0.1),  At  each  iterative  step,  the  correction 
Ig  Kn  to  approximate  Ig  Kn  estimations  was  deter¬ 
mined  using  Gauss-Newton  method  [14,15].  The 
iterative  process  was  continued  until  the  Ig  Kn 
values  were  converged,  and  the  information  was 
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Table  1.  Results  of  independent  detennination  of  the  fixed  groups  concentration  on  various  CMM 


Silica 

Method  of  determination 

Elemental  analysis 

C 

H 

N 

P 

% 

Cl. 

% 

Cl. 

% 

Cl. 

Cl. 

mmol/g 

mmol/g 

ADPA- 

1.53 

0,255 

0.34 

0.28 

0.3 

0.214 

0.25 

0.28 

SUochrom 

EnDPA- 

4.74 

0.56 

0.87 

0.49 

1.45 

0.517 

0.5 

0.6 

Aerosil 

obtained  about  their  co-variation  matrix,  equilib¬ 
rium  compositions  for  all  points,  and  (pH/c)  val¬ 
ues.  The  algorithm  is  realised  in  the  form  of  a 
computer  program. 


To  the  prompt  control  of  the  completeness  of 
the  silica  modification,  the  presence  of  residual 
amino  groups  was  monitored  by  means  of  ninhy- 
drine. 


Synthesis  of  the  chemically 
modified  silicas 


Synthesis  of  the  silica  with  surface  fixed 
amino-di(methylene  phosphonic)  acid  was  per¬ 
formed  similarly  to  the  procedure  described  in 
[16]  according  to  scheme 


Si02 


=  [^NH3^|- 


2H3P04 


110-1250 

2CH20  - ► 

Diglym 


Si02 


PO3H2 

PO3H2 


20  g  of  aminopropyl  silochrom  with 

2-  10“"^  mol/g  (Cl)  concentration  of  bonded  ami- 
nogroups  were  placed  into  a  reaction  vessel  with 
diglym  and,  under  mechanic  mixing,  a  hydrogen 
chloride  flow  was  allowed  to  pass.  Then,  under 
continuous  mixing  and  heating  (110  °C),  the  solu¬ 
tion  of  0.98  g  H3PO4  in  diglym  was  added  to  the 
protonated  sorbent,  and,  additionally,  0.51  g  of 
enriched  formal dehyd  in  diglym  was  added 
dropwise  during  I  h. After  cooling,  the  precipitate 
was  washed  with  dioxan  in  a  Soxhlet  apparatus, 
then  with  water,  and  dried  in  air  at  1 10  ®C. 

The  synthesis  of  the  ethyl enediamine-N’.N’- 
di(methylene  phosphonic)  acid  bonded  to  the  sil¬ 
ica  surface  was  performed  similar  to  the 
above-described  one;  6.3  g  of  protonated  ethylene 
diamino  propyl  aerosil  (Cl=5-10''^  mol/g)  were 
used  and  0.93  g  of  H3PO4,  0.34  g  of  CH2O  were 
added. 


Results  and  discussion 

The  fact  of  organophosphorus  ligand  immo¬ 
bilizing  to  the  silica  surface  is  confirmed  by  ele¬ 
mental  analysis  data,  NMR  and  IR  spectroscopy. 

Table  1  shows  the  results  of  CMM  elemental 
analysis  and  values  of  the  bonded  groups  concen¬ 
tration  calculated  both  from  pH-metric  titration 
and  chemical  analysis.  The  good  agreement  of 
the  data  obtained  provides  the  evidence  of  the 
completeness  of  modification  reactions. 

Only  narrow  parts  of  IR  spectra  can  be  suc¬ 
cessfully  used  for  silica  sorbents  characterization 
due  to  strong  matrix  effect  (Fig.l).  An  intensive 
absorption  of  the  Si — O  bond  stretching  vibra¬ 
tion  in  the  950-1200  cm'*  range  gives  no  chance  to 
observe  the  vibration  bands  Vas(PO)  of  phos¬ 
phonic  groups  falling  in  the  918-1190  cm’*  range. 
In  the  spectrum  of  ADPA-Si02,  an  intense  band 
near  to  1516  cm'*,  characteristic  for  protonated 
amino  group,  disappears;  instead,  other  band 
arises  in  the  range  of  1698  cm'*.  For  ADPA-Si02 
vacuum-treated  at  110  over  P2O5,  in  the  re¬ 
gion  of  stretching  vibrations,  the  band  at 
3689  cm'*  related  to  the  absorption  of  hydroxyls 
contained  in  phosphonic  groups,  and  other  band 
near  to  3350  cm’*  are  observed.  The  broadening 
of  this  latter  being  indicative  for  the  zwitter-ionic 
form  of  immobilized  ligand. 

NMR  spectra  of  ADPA-Si02  are  in  general 
relatively  insensitive  to  the  excitation  methods. 
Poor  resolution  is  feature  for  the  spectra  of  ''^C 
nuclei,  in  static  and  with  ’’magic  angle”  speening. 
This  fact  can  be  explained  whether  by  unhomo- 
geneous  micro-environment  of  several  fixed 
groups,  or  by  the  absence  of  the  grafted  groups 
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2800  V,  cm' 


Fig.l .  IR  spectra  of  Si02-NH2  (1),  Si02NH5CI-  (2),  and  ADPA-Si02  (3). 


'r 


100  50  0  -50  ppm 

1 3 

Fig.  2.  NMR  spectra  on  C  nuclei  of  monopotassium 
(I)  and  dipotassium  (2)  salts  of  ADPA-SiOz. 


,-^20  ms 


'0.2 

0.1  ms 


50  0  -50  100  50  0  -50 


Fig. 3.  NMR  spectra  on  (a)  and  nuclei  (b) 
recorded  at  rotation  at  "magic  angle"  for  air-dried 
samples  (1)  and  without  rotation  for  wetted  ones  (2). 


I  I  r' 


ADPA-SG  (Dfy) 

a) 


''OH 


ADPA-SG  (Wet) 


Fig. 4.  NMR  spectra  on  for  various  resonance 
excitation  times  (from  0.1  to  20  ms). 


Fig. 5.  ADPA-Si02  structure  as  depended  on  the 
treatment  conditions: ‘air-dried  (a)  and  wetted  (b). 
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rotation  on  the  Si02  surface.  The  static  spec¬ 
trum  of  ADPA-Si02  remained  unchanged  be¬ 
tween  room  temperature  and  180  K,  indicating 
that  the  line  width  in  the  "magic  angle"  speen- 
ing  spectrum  results  from  a  range  of  isotropic 
chemical  shifts,  and  not  from  bonded  groups 
motion. 

The  spectrum  has  two  (instead  of  one 
being  expected)  lines  for  the  equivalent  carbon 


spectra  for  hydrated  ADPA-  and  EnDPA-Si02 
was  found  to  be  very  narrow,  with  line  shapes 
indicating  motion  nearly  in  the  fast  limit  at 
room  temperature. 

The  analog  of  ligands  fixed  to  the  surface  of 
ADPA-Si02  and  EnDPA-Si02,  is  N-ethyl 
imino  di(methylene  phosphonic)  acid  which  ex¬ 
ists  in  the  solid  state  in  form  of  a  zwitter-ion, 
and  in  solution  in  the  following  forms  [17]: 


C2H5-N, 


H^CH2P03H2 


C2H5-N 


H^CH2P03H  pK2=4.68 


CHoPOoH- 


‘CH2PO3H- 


C2H5-N, 


H^CHsPOgH  pK3=5.92  H>CH2P032*pK^=11  98 


CH2PO32- 


C2H5-N 


CH2PO32- 


^CH2P032- 


atoms  of  the  aminomethyl  phosphonic  acid 
methylene  link,  namely,  at  44  and  53  ppm;  the 
intensity  ratio  of  these  bands  being  changed  when 
passing  from  mono-potassium  salt  to  the  di-po- 
tassium  one  (Fig, 2).  This  allowed  to  assign  the 
observed  bands  to  the  absorption  of  — 
CH2PO3H'  and  — CH2PO3H2  groups,  respec¬ 
tively. 

NMR  spectra  on  nuclei  show  also  the 
presence  of  several  chemical  forms  of  the 
bonded  amino -di (methylene  phosphonic)  acid. 
In  a  broad  multiplet  having  maximum  at 
10  m.p.,  three  components  can  be  distinguished 
corresponding  to  the  grafted  groups  having  dif¬ 
ferent  ionization  (Fig. 3),  To  clarify  the  nature 
of  this  signal  splitting,  spectra  of  were 
taken  for  a  range  of  contact  times.  It  can  be 
seen  from  the  spectra  (Fig. 4)  that  the  two  peaks 
differ  quite  markedly  in  their  behaviour,  reflect¬ 
ing  differences  in  their  environment  relative  to 
the  nearest  protons.  This  fact  confirms  the  as¬ 
signation  of  44  and  53  ppm  bands  to  methylenic 
carbons  of  distinct  branches  of  the  amino- 
di(methylene  phosphonic)  acid;  the  distinctions 
observed  effect  the  various  chemical  environ¬ 
ments  as  well  as  various  mobility  features  of  the 
fragments  of  grafted  groups  (Fig. 5).  The  split¬ 
ting  in  NMR  spectra  of  the  bonded  groups  and 
a  significant  signal  broadening  allow  make  the 
suggestion  about  the  strong  hydrogen  bonds 
between  the  grafted  molecule  and  silica  surface, 
what,  oh  the  one  side,  prevents  the  free  rotation 
of  grafted  groups  and,  on  the  other,  causes  their 
differentiation.  This  conclusion  is  confirmed  by 
a  sharp  narrowing  of  C  NMR  signals  in  static 
spectra  of  bonded  aminophosfonic  acids  for  the 
wetted  samples  (Fig.3)  since  the  hydratation  of 
silica  surface  results  in  the  breaking  of  intermo- 
lecular  bonds  and  is  favourable  to  the  grafted 
molecules  free  rotation  (Fig.5,b).  The  static 


The  calculation  of  protonization  constants  for 
the  fixed  ligands  was  performed  assuming  that 
acid-base  equilibrium  on  the  surface  can  be  de¬ 
scribed  by  the  same  constants  set.  We  failed  to 
calculate  pKi  values.  The  second  acidic  dissocia¬ 
tion  constant  is  near  to  that  for  the  homogeneous 
analog  (4.53±0.22  for  ADPA-Silochrom  and 
5.88±0.15  for  EnDPA-Aerosil).  The  third  stage  of 
dissociation  occurs  significantly  weaker  for  fixed 
ligands  then  for  similar  ligands  in  solution 
(8.39±0.2  and  8.56±0.2  for  ADPA-Silochrom  and 
EnDPA-Aerosil,  respectively).  The  pKn  value 
cannot  be  calculated,  since  the  range  of  existence, 
for  that  form,  falls  within  the  basic  medium 
where  a  sensible  dissolution  of  the  silica  matrix  is 
observed. 

At  the  contact  of  metal  salts  with  bulk  silicas, 
no  substantial  physical  adsorption  of  metal  ions 
is  observed  (it  can  be  at  least  stated  with  assur¬ 
ance  that  metal  adsorption  value  is  within  the 
range  of  titration  error  [18]).  Therefore,  the  ad¬ 
sorption  observed  at  the  contact  of  metal  salts 
with  ADPA-Silochrom  and  EnDPA-Aerosil  must 
be  assigned  mainly  to  the  complexes  formation 
between  the  surface-fixed  complexing  agents  and 
metal  cations  of  the  solution.  On  Fig.6  and  7,  the 
experimental  data  are  shown  characterizing  the 
adsorption  features  for  some  metall  ions  as  de¬ 
pending  on  the  solution  acidity.  It  follows  from 
the  potentiometric  titration  curves  presented  on 
Fig.6  that  ADPA-Silochrom  possess  a  high  affin¬ 
ity  to  and  ions.  Thus,  at  pH=4.0,  the 
shift  of  the  ADPA-Silochrom  titration  curve  by 
1  mol  of  is  observed  in  the  presence  of  equi¬ 
molar  amount  of  ions  as  compared  to  the 
similar  curve  obtained  in  the  absence  of  the  met¬ 
al.  Since  free  protons  can  arise  in  solution  only 
from  the  reaction 
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NaOH/ADFK-SlOj, 

Fig.6.  Potentiometric  titration  curves  for  ADPA-Si02  (I )  and  for  the  same  in  the  presence  of  cations  Sr^’*’  (2),  La^* 
(3),  and  (4). 


0.00  0.50  1.00  1.50  2.00  2.50  3.00 

NaOH/EnDFK-SiO^ 

2+ 

Fig. 7.  Potentiometric  titration  curves  for  EnDPA-Si02  (1)  and  for  the  same  in  the  presence  of  cations  Sr  (2), 
Ca^*  (3),  Cu^'"  (4),  and  (5). 


Table  2.  Equilibrium  constants  logarithms  for  the  complexing  reactions  involving  EnDPA-Aerosil. 


Ions 

IgK^ 

IgK, 

IgKj 

lgK4 

2.42±0.16 

3.41+0.24 

-8.0810.3 

-9.911.0 

2.0 

2.471f).21 

3.3810.23 

-9.3810.4 

- 

3.1 

Cd^'" 

2.71+0.17 

3.72+0.9 

-6.310.18 

-8.1310.2 

0.7 

+ 

CM 

o 

- 

8.7110.3 

■4.9910.4 

-7.010.3 

1.4 

1 

La 

- 

8.6810.21 

-6.810.12 

-9.3410.3 

'  1.1 

Table  3.  Equilibrium  constants  logarithms  for  the  complexing  reactions  involving  ADPA-Silochrom. 


IgK 

Metal  ions 

Ca^" 

+ 

CM 

CL 

+ 

CM 

o 

1  3+ 

La 

_ , 

I-  3+ 

Eu 

IgKj 

2.8510.17 

2.8410.1 

4.46+0.14 

4.41+0.16 

3.14+0.3 

4.8310.3 

4.4110.5 

4.4510.5 

IgKi 

5.7510.16 

4.8710.09 

7.51if).13 

8.95+0.4 

8.510.4 

8.8710.4 

8.7610.38 

9.0510.4 

IgKj 

-8.69i0.1 

-9.3210.12 

4.62iD.05 

-5.4510.14 

-5.2110.27 

-7.5810.15 

K3  and  K4 
inversion 

-7.010.17 

lgK4 

- 

- 

-9.42+0.14 

-7.410.12 

-8.110.2 

-8.5810.36 

- 

-7.110.21 

^0 

1.3 

1.0 

0.3 

1.2 

1.8 

2.0 

1.3 

1.25 
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HgL'  +  ^  HjLaL*  +  H* 

it  may  be  concluded  that  the  lanthanum  and 
europium  ions  are  nearly  completely  adsorbed  on 
the  modified  silicagel  surface  at  pH=4.0,  and 
equimolar  complexes  being  formed.  When  the 
medium  acidity  increases,  titration  curves  remain 
parallel  to  each  other,  i.e.  complexes  of  different 
composition  do  not  form  up  to  pH=8.0.  The 
ions  affinity  is  lower  comparising  to  that  of 
La^'‘,  both  for  ADPA-Si02  and  EnDPA-SiOa. 
That  fact  is  indicated  by  a  poor  shift  of  the  titra¬ 
tion  curve  in  the  presence  of  Ca^^  in  comparison 
with  free  acid  titration,  especially,  for  EnDPA- 
Si02.  The  last-mentioned  adsorbent  also  shows 
considerable  affinity  to  copper  ions.  These  ions 
are  adsorbed  from  solution  by  the  EnDPA-Si02 
at  pH>5.0,  where  the  most  essential  shift  is  ob¬ 
served  between  the  titration  curves  recorded  with 
and  without  copper  ions  (Fig.7). 

The  heterogeneous  equilibrium  constant  were 
calculated  assuming  that  the  metal  ions  interact 
with  fixed  ligands  according  to  scheme 
+  H2L^’  =  MH2L  IgKi 
M^*  +  H3L2'  =  MH3L*lgK2 
MH2L  =  MHL'  +  H*  IgKs 
MHL"  =  ML^‘  +  H*  lgK4 
The  calculated  cojistants  values  are  given  in 
Tables  2  and  3.  These  data  show  that  the  stability 
of  surface  fixed  complexes  is  higher  then  that  for 
similar  homogeneous  ones.  For  the  functional¬ 
ised  sDicas  studied,  the  metal  complexes  stability 
decrease  through  the  series: 

ADPA-Si02:  Eu»Dy«La«Pb>Cu>Ni>Ca>Sr 
EnDPA-Si02:  La»Cu>Cd>Ca>Sr 
As  would  be  expected,  the  phosphorus-con¬ 
taining  modified  sorbents  have  the  maximum  af¬ 
finity  to  lanthanum.  The  EnDPA-Si02  forms 
strong  complexes  with  (/-metals,  too. 
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KpeMHeSeMbl^XHMHMeCKH  IV10.21H4)HUHp0BaHHbie 
aiVfHHO-;iH(MeTHJieH(l)OC4>OHOBOH)  H  3THJieHaHaMHH- 
AH(MeTHJieH4)OCI^HOBOH)  KHCJIOTaiVfH 


B.H.3aHueB,  JI.C.BacHJiHK,  ^>K.3BaHC,  A.Bpofl 


OnHcaH  CHHTe3H  oxapaKTepHBOBaHbi  nsa  npeacTaBHxejiH  hobofo  KJiacca  XHMHHecKH 
MonH(J)HUHpoBaHHbix  KpoMHeseMOB,  coAepxcamHX  Ha  noBepxHOCTH  (j)oc4)opopraHHHecKHe 
KOMnjieKcoHbi:  N-nponHJiaMHHO-nH(MeTHJieH4)OC(l)OHOByK))  h  N-3THJieHAHaMHH-N',N’-nH(MeTHJieH- 
(l)oc(j)OHOByio)  KHCJioTbi.  HoBbie  BeiuecTBa  oxapaKTepH30BaHbi  AaHHbiMH  sjieMeHXHoro  aHajiH3a,  HK- 
cneKxpoMexpHH  c  Oypbe  npeoGpaaoBaHHeM  h  cneKxpocKonHH  .^MP  BbicoKoro  pa3peuieHH5i  b  XBep^oM 
xejie  Ha  swpax  h  H3yHeHbi  npoxojiHXHHecKHe  h  KOMHJieKcooSpaayiomHe  CBOHCXBa  yKa3aHHbix 
COeAHHeHHH  C  pHAOM  S-,  /-  H  (/-MCTaJUIOB.  06Hapy5KeHa  BblCOKaa  CeneKXHBHOCXb  B3aHMOfleHCXBH5I 
3aKpenjieHHbix  KHCJiox  c  HOHaMH  La 
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Chemisorption  of  dithiooxamide  on  silica  surface 


LN.Polonskaya  and  L.  A.Belyakova 
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3 1  Nauki  Ave.,  252022  Kiev,  Ukraine 

Organosilica  sorbent  with  grafted  dithiooxamide  groups  was  obtained  as  the  result  of  a  two-stage 
chemical  modification  of  the  SiOa  surface;  Mechanism  of  surface  chemical  reaction  and  concentration  of 
grafted  thiooxamidegi'oups  were  determined  by  means  of  IR-spectroscopy  and  differential  thermographic 
technique.  The  possibility  of  the  synthesized  organosilica  application  for  selective  extraction  of  cobalt, 
copper,  silver  and  palladium  cations  from  aqueous  solutions  was  tried  and  found  to  be  effective. 


BnacjiiAOK  ^aBOcrafliuHoi  xiMiHUoi  peaKqii  MOAuijiiKyBaHHH  noBepxni  aMOp(J)Horo  KpeMHeseMy 
OAep)KaHO  opraHOKpeMHeseMHHH  cop6eHT  3  3aKpinJieHHMH  AHxiooKcaMiAHHMH  rpynaMH.  3a  AonoMoroio 
MexofliB  IH-cneKxpocKonii'  xa  aepHBaxorpaiJiii'  ;^ocjii,zt)KeHO  MexaHi3M  peaKqii  i  BcxaHOBJieHO 
KOHqenxpaqii  npHiqeruieHHX  opraninHUX  Jiiran^itiB.  noKa3aHa  M05KJiHBicxb  3acxocyBaHH5i  oAepjKaHoro 
cop6eHxy  cejiexxHBHoro  BHJiyqeHH^i  Ko6ajibxy,  Mi^i,  cpi6jia  xa  naJiaAiio  3  posBeACHHx  boahhx 
p03HHHiB. 


Dispersed  silicon  dioxides  with  nitrogen-  and 
sulphur-containing  organic  ligands  chemically 
bonded  onto  their  surface  possess  a  special  place 
among  the  wide  group  of  modified  supported  sili¬ 
cas  due  to  strong  complex  formation  properties 
of  grafted  hgands.  The  application  areas  of  such 
organosilicas  are  concentration,  separation,  ex¬ 
traction  and  analytical  determination  of  metal 
ions  in  different  organic  and  inorganic  solutions 
including  very  dilute  ones. 

In  the  present  work,  the  chemisorption  of 
dithiooxamide  (reagent  that  forms  stable  chelate 
complexes  with  some  transition  and  heavy  metals 
in  solutions)  on  silica  was  studied. 

It  is  known  [1]  that  dithiooxamide  is  able  to 
form  N,N’-di alkyl -derivatives  while  treated  with 


primary  amines  in  a  solutions.  So  the  preparation 
of  organosilica  with  grafted  aminopropyl  groups 
was  the  first  stage  of  chemical  modification  proc¬ 
ess.  For  this  purpose,  the  silica  surface  was  modi¬ 
fied  with  y-aminopropyltriethoxy silane  [2].  The 
second  stage  of  immobilization  process  consisted 
in  treatment  of  the  obtained  aminopropylsilica 
with  dithiooxamide  in  aceton  solution. 

Surface  chemical  reactions  proceeding  was 
controlled  by  means  of  IR-spectroscopy  (Fig.l). 
In  the  IR-spectrum  of  aminopropylsilica  the 
stretching  vibration  bands  at  3300  cm“^  and 
3375  cm“  ,  and  the  bending  vibration  one  at 
1580  cm“*  of  primary  amines  N-H  bond  are  ob¬ 
served.  But  in  the  IR-spectrum  of  dithiooxamide 
treated  silica  these  absorption  bands  are  absent. 


/  Si — O— Si(CH2)3NH2 

/I  I 


-Si(CH2)3Nh^ 


Si  — O — 


/ 


Si(CH2)3NH 

I  I 


c=s 


c=s 
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Fig.  1 .  IR-spectrums  of  aminopropylsilica  (1 ),  dithiooxamide  supported  silica  (2). 


Fig.  2.  DTG  and  DTA  curves  of  aminopropylsilica  (1) 
and  dithiooxamide  supported  silica  (2). 


At  the  same  time,  the  absorption  band  at 
1530  cm"'  of  N-H  bond  of  -NH-C-S  group  and 
the  adsorption  band  of  C-S  bond  with  maximum 
at  1470  cm"'  appear  in  spectra  of  these  samples 
[3].  These  facts  prove  the  performance  of  chemi¬ 
cal  immobilization  of  dithiooxamide  on  amino¬ 
propylsilica  surface. 

Additional  evidences  of  inmiobilization  are 
seen  from  data  of  the  differential  thermographic 
analysis  (DTA)  (Fig.2).  The  interpretation  of  the 
DTA  curves  are  as  follows:  heating  to  200  °C  pro¬ 
motes  desorption  of  physically  adsorbed  water 
molecules,  then  in  the  range  from  220  to  320  ®C 
the  residual  ethoxy  groups  decomposed,  this 


Table  1.  Concentration  of  grafted  organic  groups 


Grafted  organic 
layer 

NH2-group 

aminopropylsilica 

(mmol/fi) 

Dithiooxamide- 
group  (mmol/g) 

0.20 

0.08 

1 

0.26 

0.10 

0.46 

0.24 

process  is  followed  by  an  exothermic  effect  with  a 
maximum  close  to  360  ®C  which  is  related  to  the 
destruction  of  sulphur-containing  groups.  Ami- 
nopropyl  groups  are  removed  from  the  silica  sur¬ 
face  at  temperatures  above  480  ®C.  The 
concentration  of  grafted  groups  was  calculated 
from  the  curves  of  mass  loss.  These  results  give 
evidence  for  a  chemical  interaction  between  one 
dithiooxamide  molecule  and  two  grafted  amino- 
propyl  groups  (Table  1).  So  the  cyclic  structure  is 
formed  on  the  silica  surface. 

In  order  to  investigate  sorptional  ability  of 
dithioxamide-containing  organosilica,  the  uptake 
of  copper,  nickel,  cobalt,  silver,  and  palladium 
ions  from  aqueous  solutions  was  studied. 

The  values  of  static  sorptional  capacities  cal¬ 
culated  for  the  case  of  maximum  saturation  are 
presented  in  Table  2  and  found  to  be  high.  The 
affinity  to  metals  studied  is  also  proved  to  be 
rather  high  as  the  values  of  the  distribution  coef¬ 
ficients  show  calculated  for  the  case  of  cations 
extraction  from  very  dilute  solutions  (Table  2). 

The  intensive  colours  (Table  2)  that  dithioox¬ 
amide  treated  silica  samples  get  just  after  the  con¬ 
tact  with  metal  salts  solutions  reveal  that  cations 
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Table  2.  Sorptional  properties  of  dithiooxamide 
treated  silica 


Concentration 
of  grafted 
ligands 
(mmol/g) 

Cation  sorption  capacities  (mmol/g) 

Co(ll) 

Cu(ll) 

Ni(ll) 

Ag(ii) 

Pd(ll),. 

0.08 

0.08 

0.08 

0.03 

0.08 

0.10 

0.09 

0.10 

0.04 

0.13 

0.07 

0.24 

0.09 

0.23 

0.07 

0.24 

- 

Distribution 

coefficients 

915 

1000 

432 

2300 

1800 

Colour  of 

metal- 

saturated 

sorbent 

dark- 

green 

green 

red 

orang. 

red 

extraction  from  the  solutions  is  due  to  the  metal 
complex  formation  with  grafted  ligands.  This  is 
confirmed  by  the  IR-spectral  investigation  of 
metal  saturated  dithiooxamide-containing  or- 
ganosilica  (Fig.3).  For  example,  the  absorption 
band  related  to  the  vibration  of  the  C=S  bond 
with  maximum  at  1470  cm"'  is  not  observed  in 
the  IR-spectrum  of  Co  -containing  sample  at 
all.  In  the  IR-spectr  of  samples  saturated  with 
copper,  silver,  and  palladium  ions,  the  intensivity 
of  this  band  is  much  less  than  in  the  IR-spectrum 
of  initial  dithiooxamide  containing  silica.  The  ob¬ 
served  splitting  of  the  band  in  IR-spectra  of  met¬ 
al-containing  samples  related  to  the  bending 
vibration  of  N-H  bond  in  -NH-C-S  group  with 
maximum  at  1530  cm"'  on  two  bands  in  the  range 
of  1510 — 1550  cm"'  is  caused  both  by  metal  inter¬ 
action  with  nitrogen  atom  and  by  increase  of 
C-N  bond  multiplicity  [3].  This  fact  proves  the 
interaction  between  metal  cations  and  the  bonded 
groups. 

Conclusion 

A  rather  simple  and  effective  method  has  been 
created  for  preparation  of  chemically  stable  or- 
ganosilica  sorbents  with  high  concentration  of 
grafted  dithiooxamide  ligands.  The  comparison 
of  IR-spectroscopy  data  and  the  results  of  the 
DTA  analysis  of  organosilicas  made  it  possible  to 
determine  the  concentration  of  grafted  functional 
groups  and  the  structure  of  surface  organic  layer. 
The  high  level  of  sorption  capacities  and  observed 


Fig.3.  IR-spectrums  of  dithiooxamide  treated  silica 
saturated  with  Co^'*’  (1),  (2),  (3),  (4), 

Pd^'"  (5). 

differences  in  distribution  coefficients  of  metal 
cations  indicate  the  prospectivity  of  dithioox¬ 
amide-containing  silica  sorbent  utilization  for 
metal  cations  extraction,  separation  and  analyti¬ 
cal  determination. 
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XeMOCop6uHH  ;iHTHOOKcaMiizia  na  noeepxHOCTH  KpeiwHeseivia 

H.H.nojiOHCKaa,  JI.A.BejwKOBa 

B  pesyjibTaxe  AByxcTa/^HHHOH  peaKqHH  xHMHHecKoro  MOAH4)HUHpoBaHHJi  noBepxHOCTH  aMop(j)Horo 
KpeMHeseMa  noJiyneH  opraHOKpeMHescMHbiH  cop6eHT  c  npHBHTbiMH  AHTHooKcaMH^^HWMH  rpynnaMH.  C 
noMoinbK)  MCTOAOB  HK-cncKTpocKonHH  H  AepHBaTorpa(t)HH  HccJieAOBaH  MexaHH3M  peaKUHH  h 
onpeAejieHbi  KOHueHTpauHH  npHBHTbix  opraHHHecKHX  JiHraHAOB,  noKa3aHa  B03M0)KH0CTb  npHMeneHHa 
nojiyneKHoro  cop6eHTa  ajw  cejieKXHBHoro  H3BJieHeHH5i  Ko6aJibxa,  mcah,  cepe6pa  h  najiJiaAHH  h3 
pa36aBJieHHbix  BOAHbix  pacxBopoB. 
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Thermodynamic  and  kinetic  study  on  protolytic  and 
complex  formation  reactions  at  the  surface  of  porous 

matrices 
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Basing  on  the  formal  thermodynamics,  we  have  derived  a  generalized  law  of  mass  action  which  can  be  applied 
to  describe  protolytic  and  ionic  reactions  at  the  surface  of  rigid  matrices  in  contact  with  electrolytes  solutions. 

Using  this  law,  we  have  made  an  attempt  at  theoretical  reanalyzing  and  systematizing  of  influatice  of  various 
factors,  such  as  porous  structure,  fractality,  and  mechanism  of  surface  diarge  formation,  on  the  protolytic 
properties  of  porous  silica  gels  modified  with  organic  ligands.  In  the  framework  of  a  semi-infinite  diffusion 
model,  we  have  investigated  the  kinetics  of  chemisorption  of  hydrochloric  acid  and  a  number  of  sulpho-sub- 
stituted  phthalocyanine  complexes  of  cobalt  (II)  onto  such  silica  gels. 

3  BHKopHCTaHH5iM  anapaxy  ({lopMajibHbi  xepMOAHHaMiKH  BHBe,rteHO  ysarajibHeHHH  saKOH  aIiohhx  Mac, 
KOXpHH  MO«e  6yxH  BHKOpHcxaHHH  OHHcy  npoxojiixHHHHX  xa  ioHHHX  peaKuin  Ha  noBepxHi  XBep^iHx 
MaxpHUb  B  KOHxaKxi 3 po3HHHaMH  cJieKxpojiixiB.  Ha  ocHOBi  qboro saKony  3po6jieHO cnpo6y xeopexHHHoro 
nepeocMHCJieHHH  xa  cHCTeMaxH3auii  BnjiHBy  pbHOManixHHX  ^aKxopiB,  xaKHX  sik  nopncxa  cxpyKxypa, 
({ipaKxajibHicTb  xa  MexanriM  (jiopMyBaHHH  noBepxHeBoro  3apH,ay,  Ha  npoxoJiixHHHi  BJiacxHBOcxi  nopncxHX 
ciJiiKarejieH,  MOOT(l)iKOBaHHX  opraniHHHMH  Jiiran^aMH.  B  paMKax  Mo/tejii  HaniBHecKiHHeHHoi  ztH(J)y3ii 
AocjiiA)KeHo  KiHCTHKy  xeMOcp6uii'  coJiJiHoi  khcjioth  xa  p^Ay  cyjib(})03aMimeHHX  (JixajiouiaHiHOBHX 
KOMITJieKCiB  Co(ll)  Ha  UHX  MaxpHU5IX. 

Introduction 

Protolytic  and  complex  formation  reactions 
when  proceeding  at  the  surface  of  rigid  matrices, 
reveal  some  new  features  as  compared  to  the  same 
reactions  in  solutions,  among  which  we  should 
mention  (i)  the  simultaneous  formation  of  many 
sorts  of  interfacial  compounds,  (ii)  the  dependence 
of  the  stability  of  these  compounds  on  the  degree  of 
reaction  completeness,  as  well  as  on  the  topology  of 
the  supporting  surface,  and  (iii)  the  excess  free  elec¬ 
trostatic  energy  as  a  result  of  the  electrostatic  inter¬ 
actions.  All  these  factors  can  be  accounted  for  in  the 
framework  of  a  generalized  equilibrium  constant 
concept.  In  this  communication,  we  have  restricted 
ourselves  to  application  of  this  concept  to  the  pro¬ 
tolytic  equilibria  involving  ligands  immobilized  at 
the  silica  gel  surface.  However,  most  of  the  results 
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obtained  here  remains  valid  in  a  more  general 
case  of  complex  formation  reactions. 

Thermodynamic  study 

The  main  thermodynamic  relation 

As  far  as  modified  silica  gels  are  usually  consid¬ 
ered  as  rigid  matrices,  we  will  think  of  chemical 
equilibria  involving  their  surface  as  equilibria  be¬ 
tween  a  two-dimensional  surface  phase  -  as  it  was 
understood  by  van  der  Waals  (jr.)  and  Bakker  [1]  - 
and  a  bulk  solution  phase.  Then,  the  equilibria  must 
obey  the  following  generalized  law  of  mass  action  [2]: 

where  Xi  is  the  mole  fraction  ,  {i}  the  superfacial 
concentration  of  the  /-th  component  involved  in 


the  7-th  reaction  with  the  stoichiometric  coeffi¬ 
cient  vij;  Kf  is  the  intrinsic  equilibrium  constant 
of  that  reaction,  whereas  Kf^i^  usually  termed  as 
its  apparent  or  effective  equilibrium  constant; 
and  y  is  the  surface  tension.  We  can  point  out  a 
lot  of  factors  which  contribute  to  y,  yet  there  is 
little  doubt  that,  for  sorbents  in  contact  with  elec¬ 
trolytic  solutions,  the  main  contribution  to  y  is 
made  by  electrostatic  interactions.  Therefore,  we 
can  assume  that  y  =  Fe,  the  latter  being  the  elec¬ 
trostatic  contribution  to  the  surface  tension. 

Calculation  of  Fe 


Let  us  consider  a  porous  sorbent  in  contact 
with  an  electrolytic  solution.  As  usually,  it  is  sug¬ 
gested  that  pores  are  infinitely  long  and  of  cylin¬ 
drical  symmetry.  Introduce  the  dimensionless 
potential,  u  =  e\\/lkT,  and  radius  p  =  xr,  0  ^  r  ^  F, 
X  being  inverse  Debye’s  length  and  R  the  radius 
of  pores.  The  free  electrostatic  energy  per  unit 
surface  area  of  such  a  cylindrical  pore  can  be  ex¬ 
pressed  through  the  potential  by  means  of  Der- 
jaguin’s  formula  [3] 


2nXe^ 


2  p  =  X 

-  J  + (»'f(^x,pypdp 

p  =  0 


«i<^x,p)  =  Vo(p);  = 


kT£oSxli(X) 


(2) 


where  the  upper  hmit  of  integration  is  X  =  xR,  ox 
is  the  charge  density  at  the  pore  surface,  e  is  the 
dielectric  constant  of  the  solution,  eo  is  the  per¬ 
mittivity  of  vacuum,  e  is  the  proton  charge,  and 
In(n  =  0;1)  are  Bessel’s  functions.  Integration 
yields 


le^exIiiX) 


2e^ 


(3) 


Let  A(k)  be  the  pore  size  distribution  for  the 
sorbent  in  question,  and  let  us  choose  it  to  meet 
the  conditions 


A(0)  =  A(oo)  =  0  and 

oo 

jA(X)dk  =  x\,  (4) 

0 


where  Vtot  is  the  total  volume  of  all  pores  per  unit 
mass  of  the  sorbent.  Consequently,  A(X)/X  is  the 
corresponding  distribution  of  the  surface  area, 
herewith 


jA(X)clk  =  x\/2  (5) 

0 


Ssp  being  the  specific  surface  area.  The  combina¬ 
tion  as  follows: 

F,(a^A(X)/X  (6) 

will,  therefore,  represent  the  distribution  of  the 
free  electrostatic  energy  over  the  sorbent  surface. 

The  mechanism  of  charge  formation 

The  above  thoughts  would  be  of  little  interest 
if  the  surface  charge  density  were  assumed  to  be  a 
constant  independent  of  the  pores  size  [2,4].  Yet 
this  is  not  the  case.  The  surface  charge  is  known 
to  take  rise  from  equilibrium  processes  of  adsorp¬ 
tion  of  ions  and  dissociation  of  surface  ionizable 
groups  [5].  In  that  case,  in  particular  when  there 
is  no  specific  adsorption,  it  is  called  forth  by  pro- 
tolytic  reactions  [6],  such  as 

iff 

AHti  A"  +  H^ 

. 

B  +  (7) 

where  AH  is  some  acidic  group  and  B  is  some 
basic  group,  herewith  being  possible  that  B  =  AH 

and  then  BH*^  =  AHj  Thus, 

=  ^^a{Mx  -  M  J  =  4i\x 

i 

where  ezi  is  the  charge  of  the  /-th  species,  and  Na^ 
is  Avogadro’s  number.  By  subsequent  substitu¬ 
tion  of  Eq.(8)  into  Eq.(3),  and  what  results,  into 
Eq.(l),  we  come  to  a  well-known  fonn  of  the  law 
of  mass  action  [2,7,8], 

f  =  n  ^  ^ 

i  ' 

From  Eq.(14),  one  can  draw  the  conslusion 
that  the  equilibrium  state  of  a  given  ionic  process 
proceeding  at  the  surface  of  pores  of  different  ra¬ 
dius  is  characterized  by  different  local  equilib¬ 
rium  constants.  Experimentally,  we  can  only 
determine  the  average  of  the  local  constants  over 
the  sorbent  surface  [2], 

<l<(<^x)>  = 

~r 

=  2(x\)  j  (10) 

0 

Suppose  now  that  total  surface  concentrations 
of  acidic  and  basic  groups  amount  correspond¬ 
ingly  to  and  not  depending  on  the 
pores  size  and  not  changing  in  the  course  of  reac¬ 
tions.  Then  the  concentrations  of  the  charged  spe¬ 
cies,  A"  and  BH^,  are 
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a  a  55.56  mol-  and  =  exp 

Substitution  of  Eq.(ll)  into  Eq.(8)  yields  a 
transcendental  equation,  whose  solution  makes  it 
possible  to  see  that  ax  does  really  depend  on  X.  In 
particular,  we  come  to  the  conclusion  that  ax~X 
as  X  ->  0,  and  therefore 


so  that  the  equilibrium  concentrations  of  charged 
species  become  independent  of  the  real  pH  and 
approximate  to  each  other  as  if  pH  were  going  to 
the  pH;>2c.  Yet,  this  situation  is  quite  different 
from  that  in  the  pzc,  for  the  potential  u{ax)  takes 
now  on  a  finite  value,  0,  which  thereto 

appears  to  be  independent  of  X,  whereas  at  ^Wpzc 


Fig  1 .  Surface  chaarge  density,  ax  (broken  lines),  and 
surface  potential,  «(ax)  (solid  lines),  versus/?//  for  a 
hypothetical  uni-pore-sized  sorbent  with  R  =  SOU  in 
contact  with  an  electrolytic  solution  whose  ionic 
strength  equals  (I)  10’^,  (2)  10^,  and  (3) 

lO""^  mol-dm"^,  respectively.  A  tenfold  decrease  in  the 
ionic  strength  in  the  sequence  (1)  ->  (2)  (3)  entails 

an  8.3-times’  decrease  in  ax,  whereas  w(a>.)  remains 
almost  unchanged  and  increases  only  by  1.6  and 
0.2%,  respectively.  In  the  calculations,  we  have  used 
=  [20];  and 

=  5- 10'^  molm“^. 


Fig. 2.  The  distribution  of  ax  over  X  (o)  has  been 
determined  in  Eq.(26)). 


this  potential  is  equal  to  zero.  It  can  be  proven 
that  when  X,  ->  0,  the  surface  of  porous  sorbents 
tends  to  be  of  equal  potential  rather  than  of  equal 
charge  density.  The  influence  of  porosity  becomes 
appreciable  as  soon  as  X  reaches  unity  and  rises 
dramatically  as  X  becomes  lower  and  lower.  In 
Fig.  1  and  2,  we  have  pictured  some  results  of  our 
calculations  for  a  hypothetical  sorbent  whose 
pores  are  all  of  the  same  size.  These  results  help  to 
realize  how  real  and  how  pronounced  the  dis¬ 
cussed  effects  are. 

The  conclusion  that  ax  falls  down  together 
with  X  is  of  importance  for  studies  of  protolytic 
processes  at  the  surface  of  the  so-called  fractal 
sorbents,  some  of  which  can  be  imagined  as  an 
infinite  set  of  self-similar  cylinders  with  a  power- 
law-like  pore-size  distribution  [9], 

A(X)  » 2<Z)<3 

The  mean  electrostatic  contribution  to  the 
surface  tension  of  such  sorbents  becomes  negli¬ 
gible  as  X  0: 


I  F^^^(X)dk/X 
I  A(X)dX/X 


(14) 


Nevertheless,  the  average  of  the  local  equilib¬ 
rium  constants  does  not  come  to  the  correspond¬ 
ing  intrinsic  constant  but  takes  on  the  value 


(15) 


It  should  also  be  pointed  out  that,  for  fractal 
sorbents,  the  mean  surface  charge  density,  degree 
of  protonation,  degree  of  dissociation,  etc.,  are  all 
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equal  to  zero  independent  of  pH.  So,  the  chemis¬ 
try  of  protolytic  and  ionic  reactions  at  the  surface 
of  fractal  sorbents  would  be  of  little  interest  if 
there  were  no  mechanism  for  compensation  of  the 
surface  charge  arising  from  adsorption  of  ions  or 
dissociation  of  surface  ionizable  groups.  And  it  is 
association  with  counterions  that  provides  such  a 
mechanism. 

Ion  association 

Consider,  in  addition  to  reactions  (11),  two 
other  association  reactions, 

PC  +  Me"'"  ^  AMe 

BH*  +  yr^  BHX  (16) 

where  Me^  is  a  cation,  and  X ,  an  anion,  of  the 
background  univalent  electrolyte.  Reasoning  in 
the  same  manner  as  has  led  us  to  Eq.(l  1),  we  find 
that 

lAMel,  ^  =  C  and  {BHX},  ^  =  0  as  [h"]  ->  0, 
and  (17) 

|AMe),_^ ^  =  0  and  |BHX),_^ ,  =  as [h+] ^ oo 

herewith  {A'}x-»o  =  {BH'^}x->o  in  both  cases. 
Thus,  the  association  with  counterions  makes 
possible,  at  least  in  principle,  the  quantitative 
participance  of  surface  groups  in  protolytic  trans¬ 
formations. 

The  influence  of  space  dispersion  of  the  dielec¬ 
tric  constant 

It  is  known  that  the  dielectric  constant  of  a 
solution  in  the  neighbourhood  of  a  surface  is  dif¬ 
ferent  from  that  of  the  bulk  solution  [10,11].  A 
change  in  the  dielectric  constant  results  inevitably 
results  -  according  to  the  Bom  equation  [12]  -  in  a 
change  of  the  dissociation  ability  of  ionizable 
groups.  It  seems  to  be  of  concern  to  analyze  how 
does  this  effect  on  the  protolytic  properties  of 
porous  sorbents. 

The  simplest  and  commonly  applied  way  to 
take  into  account  the  space  dispersion  of  the  di¬ 
electric  constant  is  to  introduce  into  considera¬ 
tion  a  dense  part  of  the  electric  double  layer.  That 
is,  we  are  to  put  forward 


where  ei  and  &2  are  the  dielectric  constants  of  the 
bulk  solution  and  of  the  dense  part,  respectively. 


and  is  the  thickness  of  the  dense  part.  Herewith, 
we  assume  that  the  area  X-T|<p  <Xis  free  of 
charges  and  that  there  is  no  specific  adsorption 
on  the  interface  p  =  X,  -  t|.  A  solution  the  Debye- 
Hueckel  equation  for  such  a  task  [4,13]  can  be 
represented  as 

kTe^x  (X  -  ii)8,7j(X  -  Tj) 

1,  .  n  (19) 

Now,  the  same  situation  as  expressed  in  Eq.(12) 
occurs  when  X  ^  t|,  yet  the  surface  charge  density 

falls  down  steeper,  as  ax  ~  (^  -  h) 

Another  kind  of  dielectric  constant  dispersion 
takes  rise  from  eleetrostatic  saturation  effect 
[1 1,14-16].  It  is  described  by  the  Booth-Kirkwood 
formula  [14], 

e(p)  =  ^,[1  -  0(grad  M)^](p) 

2 

where  0  =  qi%kT/e)  ,  q  being  a  parameter  of  the 
order  magnitude  lO  '^mV' ,  and  u  is  the  disper¬ 
sion-disturbed  potential.  The  Debye-Hueckel 
equation  for  «,  in  the  case  of  cylindrical  symme¬ 
try,  takes  on  the  form 

[p— [i-0f^l]]=“ 

p  dp^^dpl  (21) 

Because  of  the  smallness  of  0,  we  can  look  for 
a  solution  to  Eq.(21)  in  the  following  approxi¬ 
mate  form 

«(p)  =  “o(P)  9“i(P) 

where  «o(p)  is  the  undisturbed  solution  given  in 
Eq.(2),  and  «i(p)  is  a  correcting  function  given  by 
the  power  series 


Ml(p)  =  2a„p 

/F=0 


a„  =  bJa^  +  T.bt%\b„  =  {2”n^) 
L  k=:^0  -I 


-  Z3(n-k)+2, 

m=A: 

w=0 

The  free  coefficient,  ao,  as  found  from  the 
electroneutrality  condition: 
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X 

J  P“(P)<^P  =  0 

0 


(24) 


where  «o  is  the  density  of  background  (l-l)-elec- 
trolyte  ions,  is 


-  a^iX)  = 


«=oo  k=rt-\ 

E  (In  + 1) 

rr=0 _ k^O 

«=00 

«=0 


(25) 


As  X  ^  0,  we  get  the  asymptotical  formulas, 


f 

\ 


(26) 


ax^«l(^)  «  flo(^)[  1  +  ]  + 

which  allow  to  see  that  when  X  ~>0,  the  influence 
of  the  dielectric  constant  dispersion  brought 
about  by  the  saturation  effect  gets  vanishing. 

To  investigate  another  limiting  case  as  oo, 
it  is  convenient  to  introduce  preliminary  a  new 
variable,  p  =  X  -  p,  that  is  the  distance  from  the 
cylinder  surface  to  a  given  point  within  the  cylin¬ 
der  cavity,  whereas  p  has  been  the  distance  to  the 
same  point  from  the  cyhnder  axis.  Then  the  cor¬ 
recting  function,  wi(p  ),  meeting  the  condition 
(24)  is 

w/p  J  =  hm  a^7^(A.)[l/8  exp  (-  3p*)  - 

X-^OO 


-  1/24  exp  (-  p*)]  (27) 

And  in  this  case,  the  dispersion  of  the  dielec¬ 
tric  constant  will  decrease  the  dissociation  ability 
of  ionizable  groups  at  the  surface,  affecting  their 
dissociation  constants  in  accordance  with  Bom’s 
equation  [8,11,12]: 


(^2’^oX) 


(28) 


where  a  =  limax,  and  co=2-10^  if  dissociation 

X.  — ^  CO 

yields  two  unicharged  ions. 


Fig. 3.  Changing  of  the  titration  curve  in  the  time 
course:  in  the  case  considered,  the  equilibration  time 
is  over  a  week. 


Kinetic  study 

Application  of  the  semi-infinite  diffusion  model 

Many  reactions,  which  are  very  fast  in  solu¬ 
tion,  get  considerably  slowed  down  when  pro¬ 
ceeding  at  surface.  A  reason  for  this  is  quite 
evident:  the  rate- determining  of  surface  reactions 
is  more  often  than  not  the  stage  of  diffusion  one 
[17,18].  Consequently,  it  can  take  a  long  time  for 
a  surface  equilibrium  to  be  established.  As  an  in¬ 
dicative  example,  we  have  pictured  in  Fig. 3  how 
the  filiation  curve  for  a  porous  amino -containing 
matrix  was  changing  in  the  course  of  time  until  it 
took  its  final  equilibrium  form. 

To  examine  the  diffusion  effects  like  that  men¬ 
tioned,  let  us  consider  a  long  tube  filled  up  with  a 
sorbent  and  connected  with  a  bowl  filled  up  with 
a  solution  containing  some  adsorbate.  Our  task  is 
to  study  the  time  dependence  of  the  adsorbate 
concentration  in  the  solution.  If  the  length  of  the 
tube  is  much  larger  than  the  dimensions  of  the 
bowl  and  the  starting  concentration  of  the  adsor¬ 
bate  is  low  enough,  the  drift  of  adsorbate  within 
the  sorbent  phase  at  the  beginning  of  the  diffu¬ 
sion  process  can  be  described  using  the  semi-infi¬ 
nite  diffusion  model  [18].  In  its  framework,  the 
time  dependence  of  the  adsorbate  concentration 
in  the  overlying  solution  is  expressed  as  follows: 
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6  gt^^/ 10^ 


Fig.4.  Determination  of  the  diffusion  coefficient  by 
using  Eq.(28):  the  experimental  points  (A)  are  ap¬ 
proximated  by  a  straight  line  with  g=  1.96  m'^ 
p  =  0.5;  r  =  10''  ®  and  D  =1.510-'^  [20]. 


c(0  =  exp  [nff\j  exp(-  x^dx; 


p(«f) 

,  .1/2 


(29) 


where  c(0)  is  the  starting  concentration  of  the  ad¬ 
sorbate,  c(t)  is  its  concentration  at  the  time  f,  p  is 
the  porosity  coefficient,  T  is  the  Henry  coeffi¬ 
cient,  D  is  the  diffusion  coefficient,  and  g  is  the 
geometrical  factor,  g  =  Scr/Vsoh  Scr  being  the  tube 
cross-section  area,  and  Vsol  the  solution  volume. 
As  t  ->  0,  Eq.(27)  can  be  brought  to  the  form 


c(f)/c(0)  «  1  -  +  0(7iP^0 

The  latter  equation  was  used  to  study  the  ad- 
sorbtion  kinetics  of  hydrochlorid  acid  and  a  num¬ 
ber  of  Co(II)  phthalocyanine  complexes  onto  a 
series  of  porous  organopolysiloxane  sorbents 
having  recently  been  described  elsewhere  [19]. 
The  corresponding  c(t)/c(0)  vs  lines  are  rep¬ 
resented  in  Fig.4  and  5. 
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TepMOiiHHaivfHHecKoe  h  KHueTUHecKoe  HccJie^OBaHHe  peaKUHH 

npoTOJiHsa  H  KoivinjieKcoo6pa30BaHHa  Ha  noBepxHOCTH  nopncTbix 

MarpHu 

A.B.rieqeHbiH,  A.A.rojiy6 


C  Hcnojib30BaHHeM  annapara  4)0pMajibH0H  TepMo;^HHaMHKH  BbiBe^eH  o6o6ineHHbiH  aaKon 
aeHCTBHH  Macc,  KOTOpblH  MOJKCT  6bITb  HCnOJIb30BaH  flJW  onHCaHHH  npOTOJlHTHHeCKHX  H  HOHHbIX 
peaKUHH  Ha  noBepXHOCTH  jkcctkhx  MaxpHu  b  KOHxaKTe  c  pacxBOpaMH  sjieKxpojiHXOB,  Ha  ochobc  axoro 
3aKOHa  cueJiaHa  nonwxKa  xeopexHHecKoro  nepeocMbicjieHHa  h  cHcxcMaxHsauHH  bjihhhhh  pa3JiHMHbix 
4)aKxopOB  —  nopHCTofl  cxpyKxypbi,  (t)paKxajibHOCXH  h  MexaHH3Ma  (J)opMHpoBaHH5i  noBcpxHocxHoro 
3ap5!fla  —  Ha  npoxojiHXHHecKHe  CBOHcxBa  nopHCXbix  cHJiHKarejieH,  MOAH(i)HUHpoBaHHbix 
opraHHHecKHMH  JIH^aH;^aMH.  B  paMKax  moucjih  nojiy6ecKOHeHHOH  un4)(J)y3HH  HccjieAOsaHa  KHHexHKa 
xeMOCX)p6uHH  cojiHHOH  KHCJioxbi  H  p5ma  cyjib(j)03aMemeHHbix  4)TajiouHaHOBbix  KOMnJieKcoB  Co(ll)  Ha 
3XHX  MaxpHuax. 
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Catalytic  hydrosilylation  reactions  involving 
modified  silica  surfaces 


O.V.Simurov,  L.A.Belyakova  and  V.A.Tertykh 


Institute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 
31  Nauki  Ave.,  252022  Kiev,  Ukraine 


The  systematic  investigation  of  transformations  silica  surface  taking  place  at  sSi— H  groups  of  different 
_ture  and  olefins  contacts  as  well  as  at  ^i-CH=CH2  groups  and  hydrosilane  contacts  is  first  earned 
out.  The  principal  possibility  of  proceeding  of  the  hydrosilylation  reaction  on  silica  surfa^  is  sho^  ai^ 
the  ontimal  condition  are  found.  The  reaction  medianism  and  physico-chanical  properties  of  obtained 


the  optimal  condition 
organosilicas  are  investigated 


HaMH  Bnepme  6yjio  npoBe^eHo  cHcreMaTHHHe  BHBHeHHH  xiMiHHHX  nepexBOpeHb  na  nosepxHi 
KpeMHeseNiy  npH  KOHTaicri  =Si—H  (pisHoi  npupow)  Ta  0Jie(})iHiB,  a  TaKo*  sSi— CH=CH2  rpY" 
riflpHflCHJiaHy.  IIoKasaHO  npHHUHnoBy  MOSKJiHBOTb  npoBcaeHHa  peaiCMii  n^ooiJiiJiioBaHHa  na  noBqiXHi 
KpeMHeneny,  sHafifleHO  onraMajibHi  yMOBH.  aocJiifl*eHO  MexanisM  peaKuii.  BHBHeHO  (Jushko-ximihhi 
BnacTOBOcri  oaepxcaHHX  opraHOKpeMHeaewiB. 


It  is  known  that  a  wide  variety  of  objectives 
can  be  achieved  using  chemically  modified  silicas 
(CMS).  Such  silicas  are  widely  used,  e.g.,  as  high- 
specific  adsorbents,  selective  catalysts,  active  fill¬ 
ers  for  polymers,  effective  thickeners  of  dispersive 
media,  etc.  [1].  Yet,  the  wider  CMS  are  used,  the 
more  critical  becomes  the  problem  of  their  hydro- 
lytical  and  chemical  stability  which  should  assure 
the  long-term  and  repeated  use  of  modified  matri¬ 
ces  without  loss  of  their  properties.  At  the  same 
time,  for  various  reasons,  the  known  methods  of 
chemical  treatment  of  silicas  do  not  always  con¬ 
sistent  with  the  requirement  mentioned.  There¬ 
fore,  the  development  of  new  methods  for  silicas 
modification  with  the  aim  to  form,  on  their  sur¬ 
faces,  thermally  and  hydrolytically  stable  coat¬ 
ings  remains  to  be  of  great  importance.  In  this 
connection,  the  hydrosilylation  reaction  has 
drawn  our  attention.  The  idea  of  the  using  of  this 
reactidifi  to  obtain  CMS  has  its  own  history.  This 
can  be  traced  from  the  first  suggestions  and  reali¬ 
zation  attempts  [2-4]  to  serious  theoretical  works 

....  *  , 

As  a  whole,  the  following  situation  is  set  up  at 

present: 


a)  the  hydrosilylation  reaction  with  the  par¬ 
ticipation  of  homogeneous  reagents  is  well  stud¬ 
ied  and  widely  used  to  obtain  various  organo 

silicon  compounds  [6,7]; 

b)  the  introduction  of  hetegeneous  catalysts 
has  allowed  to  obtain  some  experience  of  the 
process  performing  on  the  phase  interface  [7]; 

c)  thCTe  is  a  sufficient  amount  of  infotmation  con¬ 
cerning  the  synthesis  and  properties  of  silicas  con¬ 
taining  the  surface-fixed  sSi — H  and  =Si — CH=CH2 

groups  [1,8].  .  .  .  „ 

Thus,  as  a  whole,  it  seems  to  be  logically 
enough  that  we  set  ourselves  the  following  tasks: 

1)  to  study  comprehensively  the  chemical 
transformations  on  the  silica  surface  at  the  con¬ 
tact  of  sSi — H  groups  (being  of  various  origins) 
with  olefins,  as  well  as  of  grafted  sSi — CH=CH2 
groups  with  silicon  hydrides; 

2)  to  investigate  the  course  and  mechanism  of 
these  reactions; 

3)  to  study  the  physico-chemical  properties  of 
the  modified  silicas  obtained  by  these  reactions. 

As  is  known,  one  of  most  widely  used  tech¬ 
niques  for  obtaining  of  silicohydride  groups  on  a 
silica  surface  is  the  treatment  of  the  substrate 
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with  the  respective  silane.  We  have  used  the 
methyldichlorosilane: 


=Si— OH  +  CH3SiCl2H 
=Si---0— Si(CH3)(C()H  +  HCI 

In  the  IR  spectrum  of  such  silica  hydride,  the 
absorption  band  3750  cm'\  con'esponding  to  the 
stretching  vibration  of  =Si — OH  groups,  does  not 
observed;  instead,  the  band  2204  cm'^  v(Si — H) 
appears  as  well  as  those  corresponding  to 
Vas,s(C— H)  (2984  and  2931  cm'')  and  to  5(C— H) 
of  methyl  groups  (1400 

The  silica  hydride  so  obtained  was  brought 
into  contact  with  olefins  under  progressively 
changed  reaction  conditions.  The  investigations 
performed  have  shown  that  the  reaction  of 
=Si — O — Si — H  groups  fixed  on  the  silica  surface 
with  the  simple  terminal  olefins  does  not  proceed 
effectively  neither  in  gas  nor  liquid  phase  in  the 
absence  of  catalyst  and  at  moderate  tempera¬ 
tures.  The  use  of  Speier  catalyst  (0.1  N  of  the 
chloroplatinic  acid  in  the  iso-propyl  alcohol)  al¬ 
lows  almost  quantitative  reaction  to  be  per¬ 
formed.  In  the  IR  spectra,  this  fact  manifests 
itself  as  follow^s:  the  intensity  of  the  Si — H  bonds 
absorption  band  diminishes  (more  then  by  90  per 
cent);  that  of  the  methyl  groups  v(C--H)  in¬ 
creases;  the  2880  cm’^  band  of  methylene  links 
v(C — H)  appears.  The  increase  of  the  surface  con¬ 
centration  of  C — H  bonds  makes  itself  evident 
also  as  the  absorption  in  the  1500-1300  cm'^ 
range  which  corresponds  to  the  bending  vibra¬ 
tions  of  the  methyl  and  methylene  groups  (Fig.l, 
curve  3).  The  band  corresponding  to  the  stretch¬ 
ing  vibrations  of  C — H  bonds  contained  in  the 
CH2=CH —  groups  (3090  cm'^),  which  is  present 
in  the  spectrum  of  initial  octene  (Fig.l,  curve  2), 
is  vanished  in  that  of  modified  silica.  These  re¬ 
sults  establish  that,  on  the  silica  hydride  surface, 
the  hydrosilylation  reaction  occurs: 


+  H2C=CH — f:H2)nCH3  - 


b 

The  hydrolytic  stability  of  the  organosilicas 
obtained  by  hydrosilylation  reaction  serves  as  an 
additional  verification  of  the  Si — C  bonds  forma  ¬ 
tion  on  the  silica  surface.  The  treatment  of  the 
specimens  synthesized  by  the  water  vapour  in  the 
pyridine  presence  does  not  result  in  any  signifi¬ 
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cant  change  of  the  IR  spectrum  (Fig.l,  curve  4). 
The  appearance  of  the  3750  cm'^  band  corre¬ 
sponding  to  silanol  groups  can  be  explained  eas¬ 
ily  by  the  hydrolysis  of  ^Si — Cl  groups  presented 
in  surface  compounds  of 

Si(CnH2n+l)(CH3’)Ci  type. 

Besides,  it  is  established  that  following  reac¬ 
tions  may  take  place  in  parallel  with  the  solid- 
phase  hydrosilylation  process: 

1)  the  hydrolysis  of  =Si — H  group  in  surface 
compounds  similar  to  =Si — O — Si(C!)(CH3)H; 

2)  the  /jo-propanol  addition  to  the  surface  of 
initial  silica  as  well  as  to  that  of  of  silica  hydride; 

3)  the  chemisorption  of  1 -olefins  on  the  initial 
silica  surface. 

However,  the  side  reactions  can  be  kept  to  a 
minimum  by  using  the  proposed  optimum  reac¬ 
tion  conditions  (1  to  1.5  h  at  100  °C  in  the  pres¬ 
ence  of  the  Speier  catalyst)  as  well  as  by  the 
pre-drying  of  reactants  and  ensuring  the  maxi¬ 
mum  conversion  of  =Si — OH  to  =Si — O — Si — H 
groups  [9], 

To  reveal  the  potential  possibilities  of  the 
solid-phase  catalytic  hydrosilylation  as  applied  to 
polyfunctional  unsaturated  compounds,  the  silica 
with  fixed  =Si — O — Si — H  groups  was  treated  by 
trimethylvinylsilane  or  by  trichlororinylsilane  for 
1  h  at  the  boiling  temperature  in  the  presence  of 
the  Speier  catalyst.  It  is  found  [10]  that,  after  the 
contact  with  vinylsilanes  mentioned,  a  significant 
intensity  drop  (by  80-85  %)  of  absorption  band  of 
the  Si — H  bond  stretching  vibrations  (2204  cm'^) 
is  observed  in  the  IR  spectra  of  modified  silicas 
(see  Fig, 2),  as  well  as  the  appearance  of  the  ab¬ 
sorption  bands  corresponding  to  the  asymmetri¬ 
cal  (2926  cm'^)  and  symmetrical  (2853  cm'*) 
stretching  vibrations  of  the  methylene  C — H 
bonds  (Fig.2,  curves  2,4).  In  the  case  of  the  silica 
hydride-trimethylvinylsilane  interaction,  the  in¬ 
tensity  of  absorption  bands  corresponding  to  of 
methyl  C — H  bonds,  also  increases  (Fig.2, 
curve  4).  Besides,  in  the  IR  spectra  of  the  silicas 
modified  by  vinylsilanes,  the  following  absorp¬ 
tion  bands  are  absent:  one  of  v(C — H)  attaching 
to  carbon-carbon  double  bond  (3080  to  3000  cm'‘ 
range)  and  one  corresponding  to  the  C— C 
stretching  vibrations  (near  to  1600  cm'*)  (Fig.2, 
curves  2,4),  while  these  bands  are  easy  to  observe 
in  the  spectra  of  individual  vinylsilanes,  namely, 
3082;  3032;  3004,  and  1602  cm'*  for  the  vinyl- 
trichlorosilane  (Fig.2,  curve  3)  and  3052;  3010, 
and  1596  cm  *  for  the  vinyltrimethylsilane  (Fig.2, 
curve  5).  The  described  changes  in  IR  spectra  in¬ 
dicated  that,  already  in  the  conditions  mild 
enough,  SI — H  bonds  transfonn  in  Si — C  ones  as 
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a  result  of  the  hydro silylation  reaction  in  the  sur¬ 
face  layer  of  the  silica  hydride: 


H2C=CH— SICI3 


-Si  — 

I 


HjPtClg 


»Si — O- 


<j^H3 

-Si — CHj-CHj-SiClj 


H2C==CH— Si^:H3)3 

Thus,  the  reaction  proposed  can  be  used  for 
the  synthesis  of  the  functional  organosilicas. 


-L- 


It  is  known  that  the  proposed  method  in  the 
silica  hydride  synthesis  is  not  the  only  possible. 

We  believe  that  the  method  based 
on  the  methoxy  silica  thermal  de¬ 
struction  can  be  a  promising  one: 

=Si— OCH3  ^  =Si— H  +  H2CO 

i2-CH2-si<pH3)3  Therewith,  in  the  IR  spec¬ 
trum,  a  sharp  intensity  drop  was 
observed  for  the  adsorption 
bands  of  the  methoxy  groups,  the 
appearance  of  a  rather  intensive  2280  cm’^  band 
(v(Si — H))  as  well  as  of  a  moderately  intensive 


Fig.l.  IR  absorption  spectra  of  the  silica  hydride  with  the  fixed  =Si-0-Si-H  groups  (1);  after  interaction  with 
1-octene  at  100  in  the  presence  of  the  Speier  catalyst  (3);  after  the  water  vapour  treatment  in  the  presence  of 
pyridine  at  25  ®C  for  1  h  and  subsequent  vacuum  exposure  at  300  °C  for  1  (4);  the  IR  spectrum  of  the  1  -octene  (2). 
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one  of  silanol  groups  (3750  cm’’).  To  eliminate 
the  possible  side  effects  associated  with  the  aris¬ 
ing  of  silanol  groups,  the  surface  was  additionaly 
treated  by  the  hexamethyldisilazane  vapour  at 
100 'C. 


Under  the  interaction  of  surface  =Si— H 
groups  of  the  silica  hydride  obtained  with 
1-octene  in  the  presence  of  Speier  catalyst 
(100  °C,  1  h),  in  the  IR  spectrum  (Fig.3,  curve  2), 


Fig.  2,  IR  absorption  spectra  of  the  silica  hydride  (1);  of  that  treated  by  the  vinyl trichlorosilane  (2)  or  vinyl- 
trimethylsilane  (4)  in  the  presence  of  the  Speier  catalyst  and  exposed  to  vacuum  at  300  °C  for  1  ;  the  IR  spectra  of 
the  vinyltrichlorosilane  (3)  and  the  vinyltrimethylsilane  (5). 
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Fig. 3.  IR  absorption  spectra  of  the  silica  hydride  with 
surface-fixed  =Si-H  groups  (obtained  by  the 
methoxy-silica  thermal  destruction  and  post-treated 
by  the  hexamethyldilazane)  (1);  after  the  interaction 
with  l-octene  (100  °C,  I  h)  and  subsequent  vacuum 
exposure  (300  ®C,  I  )  (3);  IR  spectrum  of  methoxy 
silica  before  (4)  and  after  hydrolysis  in  the  pyridine 
presence  (25  ®C,  I  h)  and  subsequent  vacuum  treat¬ 
ment  (300  X,  1  h)  (5). 

a  significant  (more  than  by  90  per  cent)  weaken¬ 
ing  of  the  absorption  band  belonging  to  =Si — 
groups.  Simultaneously,  the  bands  corresponding 
to  the  stretching  vibrations  of  C — H  bonds  in 
methylene  (2930;  2855  cm'^)  and  methyl  (2980; 
2900  cm"^)  groups  become  more  intensive.  This 
evidences  the  transformation  of  the  =Si — H 
groups  into  the  chemically  bonded  hydrocarbon 
radicals: 

H2PtCle 

^Sl — H  +  CH2=CH — (CH2)5-~CH3  - 

The  data  concerning  the  hydrolytic  stability  of 
the  organosihcas  obtained  by  solid-phase  hydrosily¬ 
lation  form  the  additional  prove  for  the  surface  - 
Si — C  bonds  formation.  In  the  same  time,  for  the 
methoxy  silica,  the  Si — O — C  bond  destruction  and 
the  silanol  groups  formation  is  observed,  what  is 
indicated  by  the  weakening  of  the  bands  intensity  in 
the  3000-2800  cm  *  range,  corresponding  to  the 
ether  groups,  and  the  appearance  of  the  3750  cm'* 
band  (Fig.3,  curves  4,5;  see  [11,12]). 


Thus,  it  is  established  that  the  sythesized 
sSi — H  groups  on  the  sihca  surface  possess  a  high 
reactivity  toward  1-olefms.  The  method  proposed 
can  be  used  to  synthesize  the  organosihcas  having 
thermally  and  hydrolytically  stable  Si — C  bonds 
between  the  silica  support  and  organic  functional 
groups,  without  use  of  organo  silicon  reactants. 
This  results  in  a  substantial  extending  of  the  ex¬ 
perimental  possibilities  at  the  obtaining  of  dis¬ 
persed  silicas  with  chemically  modified  surfaces. 

To  elucidate  the  influence  of  the  phase  state  of 
the  compounds  containing  CH2=CH —  groups  on 
the  hydrosilylation  reaction,  the  interaction  be¬ 
tween  the  silica  having  fixed  sSi — O — SI — 
CH=CH2  groups  and  the  methyidichloro silane  in 
the  presence  of  the  Speier  catalyst  was  studied. 

The  vinyl  silica  was  obtained  by  the  silica 
treatment  with  the  vinyldichlorosilane  vapour  at 
300  °C  for  2  h: 

=Si— OH  +  Cl3SiCH=CH2  ^ 

^  =Si— O— Si(Cl2)CH=CH2  +  HCI 
Therewith,  in  the  IR  spectrum  the  absorptions 
bands  appear  of  v(C — H)  attached  to  C=C  (3082; 
3032,  and  3004  cm'*),  as  well  as  v(C=C)  band  at 
1602  cm"*;  while  absorption  band  of  the  stretch¬ 
ing  vibrations  of  the  isolated  silanol  groups 
nearly  vanishes.  To  elemenate  the  residual  sSi — 
OH  groups  the  vinyl  sihca  was  end-capped  by  the 
hexamethyldisilazane.  Therewith,  the  absorption 
bands  of  v(C — H)  in  the  trimethylsilyl  groups 
(2970  and  2910  cm’*)  were  observed  in  the  IR 
spectrum. 

After  the  interaction  of  the  vinyl  silica  with 
the  methyldichlorosilane,  the  absorption  bands 
characteristic  for  the  CH2=CH-  groups  (3082; 
3032;  3004,  and  1602  cm'*)  are  vanished  in  IR 
spectra.  The  band  belonging  to  =S\ — H  groups  is 
not  observed  after  the  vinyl  silica  treatment  by 
the  methyldichlorosilane.  In  the  IR  spectrum  of 
the  product  obtained,  only  the  stretching  vibra¬ 
tions  bands  of  the  C — H  bonds  belonging  to 
methyl  and  methylene 
^Si — (CH2)7CH3  groups  are  presented. 

Consequently,  the  follow¬ 
ing  transformations  of 
the  modifying  groups  occur  on  the  silica  surface: 

I  I  H^RCIe 

^Si — O— CH=CH2  +  H — p-CHj  - ► 
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Table  1.  Structural  and  sorption  characteristics  of  the  CnH2n+l -silicas  obtained  by  the  solid-phase  hydrosilylation  in 
the  presence  of  the  Speier  catalyst 


Silica 

Solid-phase  hydrosilylation  with  the  Speier  catalyst 

After  trimethyliodosilane  end-capping 

C 

m  /g 

V, 

cm  /g 

Angstroms 

c, 

mg/g 

X- 

cm  /g 

degrees 

mg/g 

umol/m^ 

Silochrom  120 

24.0^ 

3.78 

140 

1.16 

330 

24.0 

141 

1.16 

90 

Silica  hydride 

13.6 

2.94 

132 

1.12 

340 

- 

132 

1.12 

105 

57.2 

3.47 

132 

1.08 

323 

72.4 

116 

0.99 

- 

Wiy 

61.6 

3.01 

131 

1.06 

323 

- 

113 

0.98 

96 

I-C10H21 

50.1 

2.05 

128 

1.05 

330 

63.9 

112 

0.96 

- 

I-C14H29 

32.0 

0.99 

127 

1.05 

330 

47.6 

111 

0.94 

- 

l”^16^33 

31.9 

0.88 

125 

1.04 

335 

45.3 

101 

0.92 

- 

■  J:gWj37 — 

28.5 

0.71 

125 

1.04 

335 

39.8 

101 

0.92 

106 

*  determined  by  the  trimethyliodosilane  chemisorption. 


No  difference  is  found  to  exist  in  the  reactivi¬ 
ties  of  the  modified  silicas  containing  vinyl  or 
=Si — H  groups:  the  hydrosilylation  reaction  of 
the  fixed  groups  resulting  in  the  surface  com¬ 
pounds  containing  Si — C  bonds  occurs  substan¬ 
tially  to  completion. 

Among  the  main  problems  occuring  during 
the  study  of  any  synthesis  process  is  the  reaction 
mechanism  investigation. 

Using  the  IR  spectroscopy  we  have  recognized 
that  the  contact  of  the  Speier  catalyst  with  the 
silica  hydride  as  well  as  with  the  vinyl  silica  re¬ 
sults  in  the  activation  of  the  Si — H  bonds  as  well 
as  of  C=C  ones.  In  the  silica  hydride  spectrum, 
this  phenomenon  manifests  itself  as  the  intensity 
lowering  (or  the  complete  vanishing)  of  the 
2204  cm*  *  band  belonging  to  the  =Si — H  groups 
adsorption;  while,  in  the  vinyl  silica  spectrum,  the 
— CH=CH2  group  bands  at  3070  and  1650  cm'^ 
became  not  observable. 

The  electron  spectra  of  the  system  consisting 
of  the  Speier  catalyst,  silica  hydride,  and 
1-decene,  have  shown  that,  regardless  of  the  reac¬ 
tants  and  catalyst  introduction  sequence,  the 
solid-phase  catalytic  hydrosilylation  reaction  is 
preceded  by  the  formation  of  the  catalytically  ac¬ 
tive  intermediate  including  both  reactants  and  the 
catalyst. 

The  consideration  of  the  structure  of  these  in¬ 
termediate  complexes  permits  the  conclusion  that 
the  intracomplex  transformations  which  result  in 
the  formation  of  the  hydrosilylation  products  can 
be  related  to  the  nucleophilic  addition  processes 
at  the  silicon  atom.  Generally,  the  increase  of  the 
sihcon  atom  electrophilness  in  the  silica  hydride 


(or  in  the  hydrosilane)  and  enhancement  of  the 
complexing  ability  of  the  olefine  (or  olefine-silica) 
should  be  lead  to  the  yield  increase  of  the  solid- 
phase  hydrosilylation  product.  The  role  of  the 
modified  silica  surface  in  the  simultaneous  activa¬ 
tion  both  of  Si — H  and  C=C  bonds  by  the  Speier 
catalyst  should  be  noted  as  well  as  the  increasing 
importance  of  the  steric  factors  and  adsorption 
interactions  in  the  course  of  the  formation  of  the 
intermediate  surface  complexes  which  result  in 
the  solid-phase  hydrosilylation  products. 

The  investigation  of  the  structure  and  adsorp¬ 
tion-structural  characteristics  of  the  porous  sili¬ 
cas  with  the  long-chain  alkyl  groups  fixed  on  the 
surface  by  the  solid-phase  hydrosilylation  have 
shown  that  the  proposed  method  allows  to  obtain 
the  effective  and  stable  modifying  coatings. 
Moreover,  it  is  found  that,  with  increasing  length 
of  the  fixed  hydrocarbon  radical,  the  water  ad¬ 
sorption  diminishes,  and  such  a  relationship  is 
observed  on  the  backgroud  of  the  diminishing 
grafted  organic  groups  concentration  (see  Ta¬ 
ble  1).  This  apparent  inconsistency  can  be  ex¬ 
plained  as  follows.  In  Table  2,  the  data  about  the 
thickness  of  the  organic  layer  for  the  CnH2n+l- 
silicas  are  presented  which  are  obtained  experi¬ 
mentally  (as  the  difference  between  the  pore  radii 
before  and  after  the  modification)  and  by  calcula¬ 
tion.  The  organic  layer  thickness  obtained  from 
experimental  data  is  obviously  significantly  less 
then  the  calculated  length  of  the  corresponding 
organic  radical,  except  for  the  value  for  rt=6. 
Thus,  the  CnH2n+l  groups  fixed  on  the  silica  sur¬ 
face  do  not  a  brush-like  structure;  on  the  con¬ 
trary,  the  hydrocarbon  chains  are  placed 


56 


Functional  materials,  2,  1,  1995 


A.  V.Simurov  et  al.  /  Catalytic  hydrosilylation.,. 


Table  2.  The  length  of  CnH2n+i  radicals  fixed  on  the 
silica  surface  by  the  solid-phase  hydrosilylation 


Radical 

n 

1 

-Si-O-Si 

6 

10 

14 

16 

18 

Length*, 

Angstroms 

Calculated 

value 

11 

16 

22 

24 

26 

Experimental 

data 

7 

5 

5 

10 

15 

*  rounded  to  the  nearest  integer. 


obliquely  to  the  silica  surface.  This  explains  the 
enhancement  of  the  hydrophobic  properties  of 
the  CnH2n+l -silica  surface  as  well  as  of  the  angle 
of  contact  at  the  wetting  with  the  increase  of  n,  in 
spite  of  the  substantial  lowering  of  the  grafted 
alkyl  group  content  (Table  1). 


References 

1.  Modified  Silicas  in  Sorption,  Catalysis  and  Chromatog¬ 
raphy  [in  Russian],  Ed.  by  G. V.Lisichkin  Ed., 

Khimiy  a,  Moscow  (1986). 

1  AA.Chityko,  VA.Tettykh,  VA.Khranovsi^,  et  al., 
TeoreUdteskc^  i  eksperimental  *nctya  hhimfya^  2, 247  (1966). 

3.  G.E.Pavlik,  Cand.  Thesis  Autoref ,  Kiev  (1968). 

4.  G.K  Wagner,  A.N.Pines,  Ind£ng,Chem.,  44, 321  (1 952). 

5.  J.E.Sandoval,  J.J.Pesek,i4«a/.C/iew.,  61, 2067  (1989). 

6.  E.  Ya.Lukewitz,  MG.  Voronkov,  Hydrosilylation,  Dihy- 
drogermylation,  Dihydrostannylation  [in  Russian],  AN 
Latv.  SSR  Ed.,  Riga  (1964). 

7.  V.P. Yur’ev,  I.M.SalimgaieeVa,  Olefines  Dihydrosilyla- 
tion  Reaction  [in  Russian],  Nauka,  Moscow  (1982). 

8.  V.A.Tertykh,  L. A. Belyakova,  Chemical  Reactions  In¬ 
volving  Silica  Surface  [in  Russian],  Naukova  dumka, 
Kiev  (1991). 

9.  V.A.Tertykh,  L.A,Belyakova,  A, V.Simurov,  Zhum. 
Fiz.Khim.,  64, 1410(1990). 

10.  L.A.Belyakova,  A.  V.Simurov,  D.Yu.Lyashenko, 
V.A.Tertykh,  Ukr.Khim.Zhum,,  58, 630  (1992). 

1 1.  V.A.Ter1ykh,  L^^.Belyakova,  A. V.Simurov,  A/ew- 
deleev  Commi/w.,  No.2, 46  (1992). 

12.  V.A.Tertykh,  LA.Belyakova,  A. V.Simurov,  DoW.  AN 
SSSR,3in,  647(1991). 


PeaKUHH  KaTaJiHTHHecKoro  nvipocHJiiiJiHpoBaHHH  c  ynacTHeM 
noeepxHOCTH  MOAH4)HUHpoBaHHoro  KpeMueseMa 

A.B.CHMypOB,  JI.A.EejMKOBa,  B.A.TepTbix 

HaMH  BnepBbie  fiwjio  npoBeneno  cHcreMaTHHecKoe  HayncHHe  xHMHuecKHX  npeBpauiCHHU  na 
noBepxHocTH  KpeMHeseMa  npn  KOHTaicre  sSi — H  (pa3JiHHHOH  npHponbi)  h  oJietl)HHOB,  a  Taicxce  sSi — 
CH=CH2  rpynn  h  rHnpHncHJiana.  XIoKasana  npHnuHnnaJibHaH  BosMOMCHocxb  npoBe^jcHHfl  peaxuHH 

FHApOCHJIHJIHpOBaHHH  Ha  HOBepXHOCTH  KpCMHeseMa,  HafiACHbl  OnXHMaJIbHbie  yCJIOBHH.  HCCJieAOBaH 
MexaHH3M  peaxuHH.  lisyncHbi  (|)H3HKO-XHMHuecKHe  CBOHCTBa  noJiyneHHbix  opraHOKpeMHescMOB. 
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31  Nauki  Ave.,  252650  Kiev,  Ukraine 


The  reaction  of  solid-phase  hydrosilylation  between  styrene  and  silica  hydride  in  the  presense  of  Speier 
catalyst  was  carried  out.  Analysis  of  IR  spectra  shows  that  the  degree  of  transformation  of  bonded  Si— H 
groups  in  various  experiments  was  amounted  to  82-88  %.  This  value  did  not  depend  from  presence  of  1  % 
hydroquinone  in  reaction  mixture.  The  optimal  reaction  conditions  were  found  preventing  side  reactions 
and  polymerization  of  styrene. 


3;^iHcneHo  peaKqiio  TBep;^o4)a3Horo  riApocHJiijnoBaHHH  Mi»c  cxHpojiOM  i  riApHnKpeMHe3eMOM  y 
npHcyTHocri  KaxajiiaaTopa  Cnenepa.  Anajiia  IH-cneKxpiB  noKaaaB,  mo  cxyniub  nepexBopeHHJi 
noBepxHCBHX  Si— H  rpyn  y  pisHHX  ^ocjiiAax  cxanoBHB  82-88  %.  Ifn  BCJiHMHHa  He  aajie^Hxt  Bin 
npHcyxHocxi  I  %  riApoxinoHy  y  peaKqinHiH  cyMimi.  Byjio  anaHACHo  onxHMaAbni  yMOBH  npoBeAeHHH 
peaKqh,  mo  3ano6iraioxb  nepe6iry  no6iHHHX  peaKqiH  xa  nojiiMepH3aqii  CTHpojiy. 


Recently,  the  realization  possibility  of  solid- 
phase  hydrosilylation  reaction  was  shown  [1-5] 
involving  the  Si— H  groups  linked  to  the  silica 
and  a  series  of  various  structure  olefins,  such  re¬ 
actions  result  in  the  forming  of  surface  chemical 
compounds  containing  Si — C  bond.  The  fixation 
of  styrene  on  the  silica  hydride  surface  is  no 
doubt  of  interest  in  terms  of  the  functional  matri¬ 
ces  obtaining  by  such  a  method.  The  mentioned 
reaction  in  the  silica  surface  layers  is  yet  not  in¬ 
vestigated.  It  is  known,  however,  that,  in  the  liq¬ 
uid  phase  silylation  reactions,  styrene  is  almost 
twice  less  active  as  compared  to  the  terminal  ole¬ 
fins  [6].  The  purpose  of  this  work  is  to  study  the 
realisation  possibilities  and  performing  condi¬ 
tions  for  the  styrene  hydrosilylation  resulting  in 
the  obtaining  of  silica  modified  by  phenyl  ethyl 
groups.  As  in  the  case  of  styrene  —  divinyl  ben¬ 
zene  copolymers,  such  matrices  are  of  interest  for 
the  incorporation  of  required  functional  groups 
in  the  course  of  the  chloromethylation,  nitration, 
and  azo  combination  [7]. 

The  IR  spectra  of  the  styrene  as  well  as  of 
initial  silica  (aerosil,  the  specific  surface  300  m^/g, 
measured  using  methanol)  and  modified  ones, 
were  recorded  by  means  of  IKS-29  spectro¬ 


photometer  in  the  frequency  range  from  4000  to 
1200  cm*  ;  the  thickness  of  pressed  plates  corre¬ 
sponded  to  10-15  mg/cm^;  the  tabletting  pressure 
was  1.72-10^  Pa.  To  obtain  the  silica  containing 
Si — H  surface  groups,  the  initial  silica,  according 
to  the  method  described  in  [5],  was  vacuum 
treated  at  400  °C  for  2  h  in  a  quartz  cell  with 
C^F2  windows  and  then  brought  into  contact 
with  methyldichlorosilane  vapour  for  2  h  at 
300  "’C.  The  silane  excess  and  gaseous  reaction 
products  were  removed  by  vacuum  treatment  for 
2  h  at  300  °C.  Therewith,  in  the  IR  spectrum  of 
silica  hydride  obtained  (see  Fig.l,  curve  3),  the 
3750  cm  ^  absorption  band  of  the  initial  silica 
(Fig.l,  curve  2)  vanishes,  while  that  of  SI — H 
bond  valence  vibrations  (2204  cm'*)  arises  as  well 
as  bands  at  2984  and  2931  cm’*  corresponding  to 
the  valence  vibrations  and  at  1400  cm'*  —  to  the 
deformational  one  of  methyl  C — H  bonds  [10-12]. 
The  «chemically  pure»  styrene  stabilized  by  1  per 
cent  of  hydroquinone  was  used.  The  polymeriza¬ 
tion  stabilizer  was  removed  by  multiple  washing 
with  10  per  cent  KOH  solution.  Next,  the  styrene 
was  washed  with  distilled  water  up  to  neutral  re¬ 
action,  and  dried  over  4  A  molecular  sieves  at 
0  °C  for  a  day  [8].  IR  spectrum  of  the  styrene 
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Fig.l.  IR  spectra:  styrene,  /=0.01 1  mm  (1);  silica  vacuum -dried  at  400  “C  for  2  h  (2);  after  methyldichlorosilane 
treatment  at  300  “C  for  2  h  and  vacuum  treatment  at  300  °C  for  2  h  (3);  after  subsequent  modification  by  styrene, 
washing  by  boiling  CCI4  for  1  h  and  vacuum  drying  at  300  “C  for  2  h  (4). 


(Fig.l,  curve  1)  was  identical  to  that  given  in  the 
literature  [9]. 

The  hydrosilylation  reaction  was  performed 
in  the  liquid  phase  without  solvent  use,  in  a 
shaded  reactor,  at  100  “C  for  3  h,  in  the  presence 
of  0.1  N  platinumhydrochloric  acid  in  wo-propyl 

Functional  Materials  2,  1 ,  1995 


alcohol  (Speier  catalyst).  Next,  the  modified  silica 
was  washed  by  carbon  tetrachloride  in  the  Sox- 
hlet  apparatus  for  1  h  and  vacuum  treated  at 
300  “C  during  2  h.The  reaction  results  in  a  signifi¬ 
cant  diminishing  of  the  intensity  of  Si — H  bond 
absorption  band  in  the  IR  spectrum  of  modified 
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silica.  The  maximum  of  this  band  was  shifted  to 
2190  cm'^  due  to  partial  hydrolysis  of  Si — Cl 
bonds  [10,11]  taking  place  at  the  contact  of  modi¬ 
fied  silica  with  atmospheric  moisture  during 
transfer  from  one  vessel  to  another.  The  silanol 
groups  formation  is  accompanied  by  the  appear¬ 
ance  of  an  absorption  band  near  to  3859  cm‘^ 
Besides,  the  absorption  bands  at  3090;  3072,  and 
3035  cm'^  arc  observed  corresponding  to  the  va¬ 
lence  vibrations  of  C — H  bonds  in  the  benzene 
ring.  The  intensities  ratio  of  these  bands  differs 
from  that  in  the  styrene  spectrum  and  is  charac¬ 
teristic  for  benzene  derivatives  having  no  double 
bond  in  side  chain.  Moreover,  in  the  spectrum  of 
the  modified  silica,  the  characteristic  bands  of  the 
styrene  are  absent,  namely,  1630  cm‘^  (valence  vi¬ 
brations  of  vinyl  C=C  group)  and  1575  cm‘*  (ben¬ 
zene  ring  plane  vibrations),  the  latter  appearing 
when  the  conjugation  of  benzene  n  electron  cloud 
with  n  electrons  of  a  double  bond  or  with  the  lone 
pair  of  the  substituent  takes  place  [13].  It  follows 
herefrom  that  styrene  is  entered  into  hydro silyla- 
tion  reaction  with  the  Si — H  groups  of  the  sur¬ 
face.  The  absorption  bands  in  1600  and  1500  cm'^ 
ranges  correspond  to  the  plane  vibration  of  the 
benzene  rings;  the  1450  cm'^  band,  to  the  same 
vibrations  of  the  aliphatic  bridge  C — H  bonds,  A 
significant  intensity  increase  of  2984  and 
2930  cm  ^  absorption  bands  (methyl  groups)  as 
well  as  appearance  of  2940  cm'*  (methylene 
groups)  and  2890  cm’^  (the  combined  methylene 
and  methine  groups  absorption)  bands  [10-12] 
point  to  the  fact  that  styrene  adds  to  the  silicium 
atoms  of  surface  Si — H  groups  in  form  of 

1- phenylethyl  radicals  (I)  as  well  as  in  form  of 

2- phenylethyl  ones  (II): 


This  conclusion  is  supported  by  the  fact  that, 
if  the  reaction  is  perfonned  in  the  homogene  me¬ 
dium  at  100  in  the  presence  of  Speier  catalyst 
and  at  styrene  to  methyldichlorosilane  ratio  1.8:1 
during  16  h,  a  mixture  of  products  is  formed  hav¬ 
ing  structures  similar  to  (I)  and  (II)  in  the  ratio  39 
to  61  per  cent,  respectively  [14].  The  conversion 
degree  (r|)  of  the  surface  Si — H  groups  was  calcu¬ 
lated  by  the  formula  [15, 16] 


^  =  (^0  ’ 

where  do  and  d  are  optical  densities  of  Si — H 
groups  absorption  band  before  and  after  the  reac¬ 
tion,  respectively.  The  calculated  degree  of  reac¬ 
tion  completeness  amounted  to  82-88  per  cent  in 
various  experiments.  The  surface  concentration 
of  phenyl  ethyl  group  in  the  modified  silica  ob¬ 
tained  was  0.46  mmol/g,  as  follows  from  thermo- 
gravimetric  analysis.  At  the  repeated  treatment  of 
a  silica  specimen  having  the  Si — H  group  conver¬ 
sion  degree  87  %  in  the  identical  conditions  dur¬ 
ing  3  h,  the  additional  3  %  of  Si — H  groups  were 
converted.  Yet,  a  reference  specimen  of  the  initial 
silica  hydride  placed  in  the  same  reactor  showed 
the  conversion  degree  88  %.  Such  a  slowing  of  the 
Si — H  groups  reaction  at  high  conversion  degrees 
appears  to  be  due  to  steric  hindrances  formed  by 
phenyl  ethyl  radicals  attached  to  the  surface. 

A  specific  feature  of  styrene-silica  hydride  in¬ 
teraction  should  be  pointed  out.  If  the  Speier 
catalyst  is  added  to  a  styrene-  silica  hydride  mix¬ 
ture  at  ambient  temperature,  on  light,  the  result¬ 
ing  mixture  is  progressively  heated  to  100  ""C  and 
exposed  for  3  h  in  these  conditions,  then,  in  IR 
spectra  of  specimens  obtained,  a  poor  reproduci¬ 
bility  of  intensities  is  observed  for  absorbtion 
bands  in  the  range  3000-2850  cm'\  as  compared 
with  those  of  3150-3000  cm‘*  range  and  1500  cm'^ 
band.  This  effect  is  to  be  assigned  to  side  reac¬ 
tions.  Thus,  ijo-propanol  containing  in  the  Speier 
catalyst  may  react  with  SI — Cl  bonds  even  at  am¬ 
bient  temperature  [17,18].  Besides,  acetone  which 
is  formed  in  the  Speier  catalyst  [19,20]  reacts  on 
light  quantitatively  with  Si — H  groups  [21].  The 
both  reactions  result  in  the  formation  of 
SiOCH(CH3)2  groups  on  the  silica  surface.  The 
IR  spectra  of  the  oxy-wo-propyl  groups  are  very 
similar  to  these  of  aliphatic  part  of  1-phenylethyl 
group  in  3000-2850  cm’^  range,  and  that  fact 
complicates  the  interpretation  of  spectra.  How¬ 
ever,  if  we  add  the  Speier  catalyst  to  the  styrene- 
silica  hydride  system  heated  to  100  ‘"C  in  the 
shaded  reactor,  then,  because  of  the  small  catalyst 
quantity  (0.04-0.06  cm^),  the  dominant  part  of 
iso-propanol  (Bp.  82.4  °C)  and  acetone 
(Bp.  56.2  ®C)  evaporates  rapidly.  Therefore,  a 
good  reproducibility  of  the  intensities  ratio  in  IR 
spectra  is  observed  for  specimens  obtained  in 
these  conditions.  The  same  result  is  achieved 
when  we  add  to  the  styrene  heated  to  100  °C, 
first,  the  Speier  catalyst,  and  then,  after  1  to 
2  min,  silica  hydride. 

It  is  known  that  the  bond  in  alkoxy  groups  on 
the  surface  is  unstable  and  breaks  easily  under  the 
action  of  water  in  presence  of  organic  bases,  such 
as  pyridine  or  aniline  [22].  After  the  boiling  water 
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Fig. 2.  IPv  spectra:  silica  after  modification  by  st>Tene  in  the  presence  of  hydroquinone,  washing  by  boiling  acetone 
for  2  h  (1 );  after  washing  by  boiling  water  for  1  h  and  2  h  with  subsequent  drying  in  vacuum  at  300  for  2  h  (2,3). 


action  on  the  modified  silica  for  2  h  and  sub¬ 
sequent  vacuum  treatment,  the  IR  spectrum  of 
the  maj^rial  in  the  range  3000-2850  cm‘^  re¬ 
mained  substantially  unchanged.  This  fact  indi¬ 
cates  that  the  fomiation  of  oxyAso-propyl  groups 
on  the  silica  surface  as  a  result  of  side  reactions 
can  be  substantially  ruled  out  by  the  appropriate 


control  of  the  reactants  addition  sequence  and 
reaction  conditions. 

By  analogy  with  the  homogeneous  reaction 
[23],  the  interaction  of  the  silica  hydride  with  sty¬ 
rene  v>^as  studied  in  the  presence  of  a  polymeriza¬ 
tion  inhibitor  (as  the  inhibitor,  the  benzoquinone 
was  served  which  forms  due  to  hydroquinone 
oxydation  by  air  oxygen  during  the  storage  and  in 
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the  course  of  the  reaction  [8]).  In  this  case,  the 
styrene  grafting  to  the  silica  surface  was  also  ob¬ 
served.  It  was  shown,  by  separate  experiments, 
that  the  boiling  of  the  silica  hydride  in  the  30  % 
75o-propanolic  hydroquinone  solution  does  not 
result  in  any  intensity  changes  of-the  Si — H  bonds 
absorption  band.  Thus,  the  intensity  loss  of  the 
Si — H  groups  band  in  the  course  of  the  modifica¬ 
tion  is  to  be  assigned  to  the  interaction  with  sty¬ 
rene.  This  permits  to  calculate  the  fraction  of 
S' — H  groups  reacted  with  styrene.  The  conver¬ 
sion  degree  yalue  with  and  without  presence  of 
hydroquinone  appeared  to  be  substantially  the 
same. 

The  absorption  band  1508  cm’^  in  the  IR 
spectrum  of  modified  silica  (Fig. 2,  curve  1)  indi¬ 
cates  the  presence  of  hydroquinone  on  its  surface 
(the  other  hydroquinone  adsorption  bands  are 
hided  by  the  phenylethyl  fragments  absorption). 
The  intensity  of  that  band  does  not  changed  when 
IR  spectra  are  recorded  after  the  specimen  wash¬ 
ing  by  the  boiling  acetone  or  iso-propanol  for  2  h, 
the  solvent  being  changed  three  times.  Yet,  the 
1508  cm'^  band  is  substantially  vanished  after  the 
washing  of  the  specimen  by  distilled  water  in  the 
Soxhlet  apparatus  for  1  h  (Fig. 2,  curve  2).  Simul¬ 
taneously,  the  hydrolysis  of  Si — Cl  and  Si — H 
groups  occurs,  what  is  seen  from  intensity  de¬ 
crease  of  the  2190  cm“^  absorption  band  near 
3750  cm‘^  Without  a  catalyst,  the  Si — H  bonds 
hydrolysis  does  not  take  place.  The  anomalously 
high  hydrolysis  rate  of  Si — H  bonds  is  due  per¬ 
haps  to  the  catalytic  effect  of  acids  [24],  in  this 
case,  -of  hydrochloric  one,  formed  as  result  of 
bonds  hydrolysis,  and  of  platinum  hydrochloric 
one,  which  was  adsorbed,  in  the  trace  amounts, 
on  the  silica  surface.  After  the  repeated  specimen 
washing  by  water  in  the  Soxhlet  apparatus  for 
2  h,  the  further  intensity  increase  of  the  Si — OH 
group  band  (at  3750  cm'^)  and  decrease  of  the 
intensity  of  Si — H  absorption  band  occur.  Other 
parts  of  spectrum  remained  unchanged.  This  indi- 
cat9s  that  hydroquinone  was  fully  removed  from 
the  silica  surface  during  the  first  water  washing 
(for  1  h).  The  fraction  of  remaining  groups 
amounts  3, 8-4.0  %  from  the  initial  one. 

The  possibility  of  the  polystyrene  formation 
grafted  to  the  silica  surface  [25,26],  as  a  result  of  a 
side  reaction,  in  the  course  of  solid-phase  styrene 
hydrosilylation,  requires  to  be  discussed  sepa¬ 
rately.  In  the  IR  spectra  of  modified  silicas,  the 
absorption  bands  2856  and  2924  cm’*  do  not  ob¬ 
served,  in  contrast  to  the  high  intensity  of  these 
bands  in  polystyrene  spectrum.  Both  these  bands 
are  very  characteristic  for  the  polystyrene  [9,13]. 
Moreover,  the  intensities  ratio  of  absorption 


bands  in  the  3000-2850  cm’*  range  is  substantially 
identical  for  the  IR  spectra  of  specimens  modified 
with  (Fig. 2,  curve  1)  and  without  (Fig.2,  curve  4) 
the  presence  of  a  polymerization  inhibitor.  This 
indicates  that,  in  both  cases,  there  is  no  signifi¬ 
cant  polymer  amount  on  ’the  silica  surface.  This 
can  be  assigned  to  the  inhibiting  effect  of  the  col¬ 
loidal  platinum  forming  in  the  Speier  catalyst 
[19,20]  upon  styrene  polymerization  [27]. 

If  silica  is  vacuum  treated  at  400  ‘'C  for  3  h, 
then  exposed,  in  the  presence  of  Speier  catalyst, 
with  styrene  at  100  °C  for  3  h,  next  washed  by 
ecu  in  a  Soxhlet  apparatus  for  1  h  and  vacuum 
dried  at  300  °C  for  2  h,  then,  in  its  IR  spectrum, 
wery  weak  bands  in  the  3150-3000  cm’*  range  are 
observed.  These  bands  should  be  assigned  likely 
to  the  polystyrene  located,  on  the  silica  surface. 
The  polystyrene  amount  calculated  from  the  opti¬ 
cal  density  of  the  3035  cm’*  band,  is  1.5  to  2  per 
cent  of  the  phenylethyl  radicals  content  in  the 
modified  silica.  Thermogravimetric  analysis  gives 
a  value  of  3.4  %.  The  scatter  of  values  is  due,  to 
obviously,  to  the  error  of  optical  density  measur¬ 
ing  for  very  low-intensity  bands.  These  results 
point  out  that,  in  the  process  of  solid-phase  sty¬ 
rene  hydrosilylation,  polystyrene  grafted  to  the 
silica  surface  do  not  form  in  substantial  amounts. 
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determined  by  elemental  analysis  and  poten- 
tiometric  titration  [8,9]. 

The  standard  beryllium  sulphate  solution  with 
the  concentration  CBe=l  mg/cm^  was  prepared 
according  to  [10].  The  working  solutions  of  minor 
concentrations  were  prepared  immediately  before 
use  by  the  dilution  of  the  initial  one.  The  copper, 
cobalt,  nickel,  iron,  aluminium,  calcium,  magne¬ 
sium,  lead,  manganese  and  cadmium  nitrates 
were  prepared  by  dissolution  of  corresponding 
weighted  amounts  of  metal  salts  ("pure  for  analy¬ 
sis"  grade)  in  distilled  water  [10].  The  required  pH 
values  of  solutions  were  established  by  the  intro¬ 
ducing  of  0.1  M  hydrochloric  acid  or  O.l  M  so¬ 
dium  hydroxide.  The  pH  values  were  measured 
by  means  of  EV-74  ionometer. 

The  recovery  of  berylium  ions  was  performed 
in  the  dynamic  condition.  In  this  case,  the  solu¬ 
tion  under  study  was  passed  through  a  colunrn 
filled  with  sorbent  by  means  of  a  peristaltic  pump 
(the  sorbent  mass  was  0.3  g,  layer  height  10  mm, 
column  diameter  5  mm,  the  rate  of  passage  7  to 
10  cm^/min). 

The  dependence  of  beryllium  desorption  from 
the  sorbent  phase  on  the  medium  acidity  was 
studied  in  the  dynamic  regime,  too,  by  passing  the 
hydrochloric  acid  solution  with  concenrations  of 


MO""^  to  MO’^  mol/dm^  through  the  column.  For 
the  analysis,  the  eluate  portions  of  1  cm^  volume 
each  were  sampled. 

The  beryllium  content  in  the  column  eluate  was 
determined  with  two  independent  methods:  atomic 
absorption,  on  the  CPQ-800  of  Pye-Unicam  (N2O- 
acetylene  flame,  the  radiation  source  being  the  hol- 
low-catode  lamp  with  beryUium)  and  photometry 
(after  the  reaction  with  the  Chromazurol  S,  CAZ,  in 
presence  of  a  non-ionic  surface-active  agent,  SAA) 
on  the  Specol- 1 1  spectrophotometer. 

As  stated  previously  [8,9],  the  beryllium  ions 
are  sorbed  quantitatively  on  APA-Si02  at 
pH  ^  4.3.  Therewith,  if  the  sorbent  capacity  ex¬ 
ceeds  the  total  berylhum  amount  in  solution,  the 
sorption  process  obeys  to  Henry  law.  Distribu¬ 
tion  coefficients  are  constant  throughout  this 
area  and  achieve  to  values  of  10^  cm  /g.  There¬ 
fore,  the  beryllium  ions  concentration  in  the  dy¬ 
namic  regime  was  performed  at  pH  4.5,  The 
results  of  the  study  of  the  berillium  concentration 
on  the  APA-Si02  in  the  Henry  range  are  pre¬ 
sented  in  Table  1.  They  show  that,  in  the  experi¬ 
ment  conditions,  the  quantitative  extraction  of 
the  element  from  the  solution  is  achieved  regard¬ 
less  of  its  volume.  The  difference  between  the  in¬ 
itial  beryllium  content  in  solution  and  that  found 


Table  1 .  Results  of  beryllium  concentration  on  the  silica  gel  with  grafted  aminophosphonic  acid  groups  from  different 
volumes  of  solution  to  be  analysed  (/w=0.3  g,  pH=4.5,  «=3,  eluent  0.01  M  HCI,  Pei=5  cm  ) 


Volume  of 
solution  under 
analysis,  dm 

Method  of  Be 
determination  in  eluate 

Introduced  Be, 

Pg 

Found  Be, 

Pg 

Desorption 
degree,  % 

Concentration 

coefficient 

0.2 

Photometric 

1.0 

1.00 

0.01 

100 

40 

0.5 

Photometric 

1.0 

0.99 

0.02 

99 

99 

1.0 

Photometric 

1.0 

0.97 

0.02 

97 

194 

1.0 

Photometric 

0.5 

0.48 

0.03 

96 

192 

1.0 

Photometric 

0.2 

0.18 

0.05 

90 

180 

2.0 

Photometric 

0.5 

0.47 

0.06 

94 

376 

2.0 

Photometric 

0.3 

0.28 

0.09 

93 

372 

0.5 

Atomic  absorption 
spectroscopy 

0.2 

0.20 

0.01 

100 

100 

1.0 

Atomic  absorption 
spectroscopy 

0.2 

0.20 

0.02 

100 

200 

1.0 

Atomic  absorption 
spectroscopy 

0.1 

0.09 

0.05 

90 

180 

2.0 

Atomic  absorption 
spectroscopy 

0.4 

0.39 

0.04 

98 

390 

2.0 

Atomic  absorption 
spectroscopy 

0.2 

0.17 

0.07 

85 

340 
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in  column  eluate  indicates  that,  after  the  sorbent 
contact  with  the  solution  under  investigation,  the 
beryllium  content  drops  to  the  values  less  of  the 
MPC  at  least  by  an  order  of  magnitude.  This  fact 
is  the  evidence  of  the  sorbent  high  effect ivity  in 
the  concentration  as  well  as  in  water  purifying  for 
the  removal  of  that  high-toxic  element. 

As  is  seen  from  Table  I,  the  sorption-desorp¬ 
tion  cycle  does  not  cause  the  sorbent  efficiency 
lowering  and  indicates  to  the  reversibility  of  the 
absorption  process. 

For  the  quantitative  desorption  of  <2  |ag  of 
beryllium,  3  cm^  of  0.0 1  H  HCI  solution  are 
found  to  be  sufficient.  The  concentration  coeffi¬ 
cients,  in  these  conditions,  have  values  of 
(l...3)xl0^  (see  Table  1). 

The  alkali  metals  cations  and  chloride,  sul¬ 
phate,  nitrate  and  acetate  ions  when  present  in 
the  solution  in  concentrations  not  exceeding 
I  mol/dm^,  are  established  to  do  not  influence  the 
degree  of  beryllium  extraction  on  APA-Si02. 

The  presence  of  complexing  agents  such  as 
EDTA,  oxalic  acid,  and  ascorbic  acid 
(C<  0.05  mol/dm ■^)  does  not  hinder  the  quantita¬ 
tive  beryllium  recovery  by  means  of  APA-Si02. 
The  aforesaid  makes  the  evidence  of  the  forma¬ 
tion  of  a  strong  complex  of  beryllium  with  amino- 
phosphonic  acid  groups  bonded  to  the  carrier 
surface,  the  stability  of  this  complex  exceeds  that 
of  the  beryllium  complexes  with  the  complexing 
agents  mentioned  in  solution. 

The  specifity  of  the  grafted  aminophosphonic 
groups  reaction  with  beryllium  ions  allows  for 
the  selective  concentration  of  that  high-toxic  ele¬ 
ment  in  the  presence  of  great  excesses  (up  to  10*^ 
times)  such  j-,  p-,  and  ^/-metals  as  calcium,  mag- 
nium,  strontium,  zink,  cadmium,  lead,  copper, 
nickel,  manganese,  and  tin. 

In  conditions  optimal  to  concentrate  beryl¬ 
lium  on  APA-Si02,  the  sorbent  is  found  to  re¬ 
move  from  solution  aluminium  and  iron  (II!)  ions 
as  well.  It  was  established,  however,  that  the 
masking  of  these  elements  with  the  EDTA  solu¬ 
tion  (0.02  mol/dm^)  allows  for  the  selective  beryl¬ 
lium  concentration  in  the  presence  of  great  excess 
(to  10"^  times)  of  metals  mentioned. 

On  the  basis  of  the  research  results,  the  proce¬ 
dure  involving  beryllium  ions  preconcentration 
and  subsequent  atomic  absorption  or  photomet¬ 
ric  determination  has  been  proposed.  This  proce¬ 
dure  has  been  worked  out  on  the  model  solutions 
containing  aluminium,  iron,  nickel,  alkali  and  al¬ 
kali-earth  metals;  method  was  tested  also  in  the 
analysis  of  waste  waters.  The  results  obtained  are 
presented  in  Tables  2  and  3.  To  estimate  the  va¬ 
lidity  of  the  method  proposed,  the  beryllium  con- 
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Table  2.  Results  of  beiy Ilium  determination  in  a 
model  solution  containing  (mg/dm^):  Fe  2.0;  AI  0.5; 
Cu  1.0;  Ni  1.0;  Sn  1.0;  Mn  1.0;  alkaly -earth  metals 
2.0  (F=l  dm^  ^^=0.95) 


Method  of  beryllium 
determination  in 

eluate 

Introduced 

Be,  ng 

Foimd  Be, 
pg/dm^ 

Photometric 

2.00 

2.00+0.02 

<0.01 

Photometric 

1.00 

0.99±0.02 

0.01 

Photometric 

0.50 

0.48±0.03 

0.03 

Photometric 

0.20 

0.17±0.05 

0.12 

Atomic  absorption 
spectroscopy 

1.00 

1.00±0.01 

<0.01 

Atomic  absorption 
spectroscopy 

0.50 

0.4810.01 

0.01 

Atomic  absorption 
spectroscopy 

0.20 

0.1810.02 

0.04 

tent  in  the  samples  was  determined  in  parallel  by 
the  methodof  additions.  The  data  shown  in  the 
tables  bear  out  the  sufficient  accuracy  and  repro¬ 
ducibility  of  the  proposed  procedure  which  al¬ 
lows  to  perform  the  determination  of  beryllium 
ions  at  concentrations  on  the  level  of  MPC  and 
lower. 

Thus,  APA-Si02  sorbent  can  be  used  to  con¬ 
centrate  the  trace  amounts  of  beryllium  from  so¬ 
lutions  having  complex  composition.  The 
preconcentration  of  beryllium  with  APA-Si02  al¬ 
lows  to  reduce  the  detection  limits  (DL)  for  this 
element  at  its  determination  in  the  concentrate  by 
atomic  absorption  (Z)L=8-10’^  p.g/cm^)  or  by  pho¬ 
tometry  (DL=5-10‘^  f^g/cm^  after  reaction  with 
Chromazurol  S  in  the  presence  of  OP- 7)  by  two 
decimal  orders. 

Analytical  procedure 

To  1  dm^  of  wastewater  add  20  cm^  of  sulphu¬ 
ric  acid  (1:1)  and  boil  for  10  min.  After  cooling 
filtrate  the  solution,  add  20  cm^  1  M  EDTA,  then 
0.1  M  sodium  hydroxide  to  pH  4.5  and  pass 
through  the  column  filled  by  APA-Si02  (pre¬ 
washed  with  0.02  M  EDTA  and  HCI  solution 
with  pH  4.5)  by  means  of  a  peristaltic  pump  with 
a  rate  of  7  to  10  cm^/min.  Then,  wash  the  column 
with  10  cm^  of  0.02  M  EDTA  solution  and  5  cm^ 
of  0.01  M  hydrochloric  acid  solution.  Determine 
the  beryllium  content  in  the  aluate  using  atomic 
absorption  or  photo^metric  method. 
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Table  3.  Results  of  beryllium  determination  in  industrial  wastewaters 


Sample 

Method  of  beryllium  determination 
in  eluate 

Introduced  Be,  p.g 

Founded  Be,  ^g/dm^ 

Be  content  in 
wastewater,  p^dm^ 

1 

Atomic  absorption  spectroscopy 

- 

0.48±0.03 

0.4810.03 

(5=0.03) 

1.00 

1.51  ±0.03 

0.5110.01 

0.50 

1.00±0.02 

(5=0.03) 

Photometric 

- 

0.49±0.03 

0.4910.03 

(5=0.04) 

1.00 

1.51±0.03 

0.52X0.01 

2.00 

2.53±0.05 

(5=0.03) 

2 

Atomic  absorption  spectroscopy 

- 

0.21±0.06 

0.2110.06 

o 

1.00 

1.24±0.02 

0.2410.01 

0.50 

0.73±0.02 

(5=0.04) 

3 

Atomic  absorption  spectroscopy 

- 

0.3710.04 

0.3710.04 

(5=0.04) 

1.00 

1.3810.02 

0.3810.01 

0.50 

0.8710.02 

(5=0.02) 

4 

Atomic  absorption  spectroscopy 

- 

0.1010.05 

0.1010.05 

p 

00 

1.00 

1.1410.02 

0.1210.02 

0.50 

0.6110.02 

(5=0.12) 

AXomic  absorption  is  to  be  measured  at 
]^=234.9  nm,  slot  spectral  width  0.2  mm,  the  lamp 
operating  current  12  mA. 

To  determine  beryllium  by  the  photometric 
method,  neutralize  the  eluate  at  continuous  mix¬ 
ing  with  5  to  10  per  cent  ammonia  solution  to 
pH  4-5,  add  to  the  mixture  1  ml  of  MO'^  M  CAZ 
solution,  1  ml  of  MO'^M  OP-7  solution,  0.5  ml  of 
510'^  M  EDTA  solution  and  bring  the  volume  to 
10  mi  with  acetate  buffer  solution  having  pH  6.0. 
After  15  min,  perform  the  photometric  measure¬ 
ments  at  X=630  nm,  1=  10  mm. 

In  parallel,  perform  the  blank  experiment  us¬ 
ing  all  the  reagents  and  sorbent. 
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KpeMHeseM  c  KOBajieHXHO  saKpenjieHHbiiviH  rpynnaiviH 
aMHHO(t)OC4)OHOBOH  KHCJlOTbl  41J1H  KOHUeHTpHpOBaHHfl  HOHOB 

6epHJ1JIHH 


r.H.3aHueBa,  0.n.Pa6yLUKO  ,  O.H.^ejiH6a  ,  B.B.CxpejiKO,  C.A.XaHHaKOB 

npe^-flO^eH  MCTOfl  COp6qHOHHOrO  KOHqeHXpHpOBaHHH  6epHJIJIHH,  OCHOBaHHblH  Ha  HBBJieneHHH 
sjieMeHTa  H3  boahbix  pacTBopoB  c  noMoiqbio  aMHHo4)oaJ)OHOBOH  KHCJioxbi,  KOBajieHTHO  3aKpenJieHHOH 
Ha  noBepxHOCTH  CHJiHKarejiH,  c  nocjie^yioLaHM  onpeAeneKHCM  6epHJiJiH5i  b  ajnoaxe  axoMHo- 
aflcop6qHOHHbiM  jihGo  (})oxoMeTpHMecKHM  (no  peaKqHH  c  xpoMasypojioM  S  b  npHcyxcxBHH  011-10) 
Mexo^^OM'  Mexoj^  ^aex  B03M0)KH0CXb  chhshxb  npe/^ejibi  o6Hapy5KeHHH  GepHJUiHH  na  jx^di  nopH^Ka. 
CneqH(})HHHOcxb  peaKqHH  saKpenJieHHbix  rpynn  aMHHO(J)oc4)OHOBOH  KHCJioxbi  c  HonaMH  ^GepHJiJiHH 
no3BOJiHex  npOBO/^HXb  cejieKXHBHoe  KOHqenxpHpoBaHHe  axoro  aJieMCHxa  b  npHcyxcxBHH  10  KpaxHbix 
H36bIXKOB  MHOXHX  S’,  p-  H  t/-MexaJlJIOB.  McXO^  XCCTHpOBaH  HpH  aHaJIH3e  CXOHHbIX  BOJl. 
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Copper  (II)  complexes  on  silica  surfaces  with  covalently 
bonded  methylamino  and  ethylenediamino  silanes 


V.N.Zaitsev,  V.D.Oleynyk,  V.V.Skopenko  and  V.V.Antoschuk 
T.  Shevchenko  Kiev  University,  64  Vladimirskaya  St,,  252017  Kiev,  Ukraine 

By  chemical  modifying  of  fumed  silica  surface  the  materials  with  covalently  bonded  (N-methy- 
lamino)propyl  and  (N-aminoethyl)-aminopropyl  (En-AS)  silanes  have  been  prepared.  Interaction  of 
bonded  ligands  with  CH3CN  solution  of  Cu(BF4)2  has  been  studied.  By  physico-chemical  analysis,  ESR, 
FTIR  and  UV-VIS  spectra,  formation  of  complexes  such  as  CUL2  (where  L  is  bonded  ligands)  with 
axial-elongated  (for  En-AS)  stereochemistry  and  gi=2.01,  g|i=2.21  has  been  proved.  It  was  found  that 
thermal  tratment  increase  tetrahedral  distorsion  of  coordination  polyhedral. 


UJjiaxoM  xiMiHHoro  MOAHcJiiKyBaHHH  noBepxHi  nenopHcroro  auop^Horo  AHOKCH^y  KpeMuiio 
OTpHMaHo  MaxepiajiH  3  KOBajieHTHO  3aKpinjieHHMH  rpynaMH  N-McruJiaMiHonponiji  i  N-(aMiHoeTHJi)- 
aMinonponiJi  (En-AS)  CHJianaMH.  BHBneHO  B3aMOAiK>  3aKpinjieHHX  jiiraHAin  3  aqeroHiTpHJibHHM 
P03HHHOM  Cu(BF4)2.  3a  AaHHMH  (t)i3HKO-xiMiHHoro  aHajii3y,  cneKxpocKonu  EIIP,  I^  3  Oyp’e- 
nepexBopeHHHM  xa  ejieKxpoHHOi  cneKXpocKonh  AHcJ)y3iHHoro  BiA^HXxa  BcxaHOBJieHO  yxBopeHHH 
KOMnjieKciB  CKJiaAy  CuL2  (a^  L  —  npHiqenjieHHH  jiiraHA),  mo  Maroxb  y  BnnaAKy  En-AS  aKciajibHO- 
BHXHFHyxHH  KOOpAHHaqiHHHH  iiojiieAp  3  gi=2.01  xa  g\\=2,2l.  TepMiHHa  o6po6Ka  npHBOAHXb  ao 
niACHJicHHii  xexpacApHHHoro  BHKpHBJieHtm  KoopAHHaqiHHoro  By3Jia. 


Silicas  chemically  modified  with  covalently 
bonded  organic  ligands  are  used  in  the  modem 
biotechnology  and  pharmaceutics,  as  stationary 
phases  for  the  ligand-exchange  chromatography, 
for  the  separation  of  optical  isomers  [1,2],  bio-ac¬ 
tive  substances  [3],  etc.  Their  use  is  based  on  the 
ability  of  fixed  ligands  to  form  a  mixed-ligand 
complex  compounds  according  to  scheme 


rated  (the  coordination  number  for  copper  is  4), 
and  the  substance  to  be  separated  does  not  inter¬ 
act  chemically  with  the  surface  to  give  the  mixed 
ligand  complex  according  to  scheme  (1).  And 
conversely,  the  fixed  complex  with  equimolar 
composition  is  the  best  suited  one  for  chroma¬ 
tographic  purposes.  Hence,  the  effective  use  of 
silicas  with  chemically  modified  surface  in  the  li- 


+  M(Solv)p 


■  M*  Q(SoI\^iy,]  (1) 


where  M  is  a  metal  ion,  usually  Cu^^;  Q,  an  ana¬ 
lyte  to  be  separated.  Scheme  (1)  is  simplified  since 
metal  ions  and  grafted  ligands  are  assumed  to 
form  a  complex  with  1:1  composition.  In  fact,  the 
surface  complexes  can  contain  up  to  3  fixed  li¬ 
gands  [4].  It  is  easy  to  see  that  this  fact  affects 
significantly  the  ligand-exchange  ability  of  the 
material.  The  stationary  phases  containing  biden- 
tate  grafted  ligands  are  usually  unsuitable  for  the 
ligand-exchange  chromatography,  if  a  complex  of 
M:L=  1:2  composition  is  formed  on  the  surface.  In 
this  case,  the  metal  coordination  sphere  is  satu- 


gand-exchange  chromatography  is  only  possible 
under  the  condition  that  composition,  stability, 
and  structure  of  the  surface  complexes  are  com¬ 
prehensively  studied. 

Ligands  fixed  on  the  amino  propyl  silica  surface 
are  known  to  form  copper  complexes  mainly  of 
ML2  composition.  Moreover,  that  composition 
does  not  change  if  the  concentration  of  the  grafted 
groups  is  varied  [5].  This  fact,  in  particular  has  al¬ 
lowed,  to  suggest  the  cluster-like  distribution  of 
amino  groups  bonded  to  a  silica  surface  [6]. 
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In  this  work,  an  attempt  is  made  to  trace  the 
influence  of  hydrophihc  and  hydrophobic  substi¬ 
tuents  on  the  composition  and  structure  of  com¬ 
plexes  formed  on  the  amino  silicas  surfaces  in  the 
course  of  interaction  with  acetonitrile  solution  of 
copper  (II)  tetrafluorborate  and,  by  this  means, 
to  clarify  the  influence  of  such  substituents  on  the 
character  of  groups  distribution  over  the  support 
surface.  Two  substances  related  to  amino  silicas 
were  studied  \yith  general  formula 


where  R-CH3  and'CH2CH2NH2. 

The  methyl  group  at  the  nitrogen  atom  causes 
the  increase  of  its  basicity  but  reduce  the  hydro- 
phility.  The  aminoethyl  group  rises  both  the 
basicity  and  the  hydrophility. 

The  composition  and  structure  of  complexes 
were  studied  by  means  of  the  chemical  equilib¬ 
rium  data,  as  well  as  by  electron  diffuse  reflec¬ 
tion,  IR  and  ESR  spectroscopies  of  fixed 
complexes. 


Experimental 

The  water-free  acetonitrile  was  obtained  with 
the  distillation  of  "pure”  grade  solvent  over  P2O5 
and  CaH2.  Toluene  was  distilled  over  Na.  (N-me- 
thylamino)propyl  triethoxy  silane  obtained  from 
Merck  and  (N-ethylamino)aminopropyl  trietho¬ 
xy  silane  from  Fluka  were  purified  by  the  vac¬ 
uum  distillation  before  use. 

IR  spectra  of  compounds  were  recorded  in  the 
1200-4000  cm'*  range  on  the  UR  10  spectrometer. 
IR  spectra  with  Fourier  transformation  in  the 
400-4000  cm'*  range  at  0-2  smoothing  cycles  were 
taken  on  the  FTIR  171  Perkin-Elmer,  spectrome¬ 
ter,  The  specimens  were  prepared  as  thin  pressed 
tablets.  Silica  gels  and  silochroms  were  grinded  in 
an  agate  mortar  before  pressing. 

Elemental  analyses  (H,  C,  N)  were  made  by 
the  service  group  of  London  University.  The 
bonded  groups  concentration  was  calculated 
from  the  analytical  data  according  to  formula 


^  m-n-M 

where  %  is  the  per  cent  content  of  the  element 
determinated;  n  is  the  element  atoms  number  in 
the  immobilized  molecule;  'M  is  the  element  molar 
mass. 

The  copper  (II)  tetrafluorborate  was  prepared 
from  the  basic  copper  carbonate  by  action  with 
70  per  cent  HBF4.  The  acetonitrile  solvate 
Cu(BF4)2  was  recovered  from  hexahydrate  by 
dissolution  of  5  g  of  crude  salt  in  50  cm  of  ace¬ 
tonitrile.  Then,  benzene  was  added  to  the  solution 
(20  cm^  to  50  cm^  of  soln.)  and  the  triple  azeot¬ 
rope  acetonitrile-benzene-water  was  distilled  out 
(Bp.  66  °C).  The  residue  was  cooled  and  the 
Cu(BF4)2(CH3CN)4(H20)2  crystals  were  sepa¬ 
rated  by  filtration.  The  product  was  recrystallized 
from  acetonitrile  :  ethylacetate  (1:4)  mixture  and 
dried  in  vacuum.  The  chemical  composition  was 
checked  by  means  of  copper  analysis. 

The  equihbrium  studies  and  the  synthesis  of 
mixed  complexes  were  performed  by  bringing  the 
Cu(BF4)2  acetonitrile  solution  into  contact  with 
chemically  modified  silica  (CMS).  Therewith,  the 
metal  concentration  in  the  solution  was  varied 
from  1  to  20  mmol/dm^  while  the  CMS  weight 
was  kept  constant  (0.25  g  and  0.2  g  for 
NHCH3'AS  and  En-AS,  respectively).  After  mix¬ 
ing  in  sealed  vessels  for  1  h,  the  solid  phase  was 
separated  by  centrifugation,  the  solution  being 
checked  for  the  metal  presence  by  trilonometric 
titration.  Before  study  the  structure  and  composi¬ 
tion  of  fixed  complexes,  the  products  were  dried 
in  air  at  50  °C  and  in  vacuum  at  110  °C  over 
P2O5  for  24  h. 

Synthesis  of  chemically  modified 
silicas 

To  obtain  silicas  with  chemically  modified  na¬ 
ture  of  surface  and  monolayer  of  covalently 
bonded  groups,  the  modification  was  performed 
in  the  water-free  toluene.  To  this  purpose,  fumed 
silica-aerosil  A-200  (Degussa,  Germany)  was 
used  after  activation  at  550  ""C  for  8  hours.  The 
(N-methylamino)propyl  triethoxy  silane  was  im- 
mobihzed  on  the  aerosil  surface  according  to  fol¬ 
lowing  scheme  (2): 


- OH 

- OH 


+ 


(EtO)3Si^NHCH3 


^i-^NHCHg 

OEt 


(2) 
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To  this  end,  to  17  g  of  aerosil  (l.T-lO'^mol 
SiOH  groups)  in  200  cnr  of  toluene,  the  solution 
containing  3.28  g  (1.610‘^  mol)  of  ethylamino 
propyl  triethoxy  silane  in  toluene  was  added.  The 
reaction  mixture  was  heated  at  100  °C  under  mix- 
ing  for  10  h.  Then,  the  solid  phase  was  separated 
by  filtration  and  washed  with  toluene  in  a  Soxhlet 
apparatus  to  remove  the  excess  of  modifying 
agent.  The  washing  completeness  was  checked  by 
the  reaction  of  the  washing  solution  with  bindone 
[7].  The  chemically  modified  silica  was  dried  in 
vacuum  (10‘^  Torr)  for  3  h  at  room  temperature 
and  7  h  at  110  °C. 

IR  spectroscopy  and  chemical  analysis  data 
were  used  to  control  the  chemical  modification  of 
the  silica  surface.  According  to  the  elemental 
analysis  results,  the  concentration  of  anchored 
methylamino  groups  is  5.3*10''^  mol/g. 

The  synthesis  of  ethylenediamino  aerosil  (En- 
AS)  was  performed  similarly  to  that  of  CH3NH- 
AS  according  to  scheme  (3): 


- OH 

+  (MetO)3Si^NH  NK 
—OH  \ _ / 


Tabic  1.  The  main  characteristic  frequencies  in  the 
IR  spectra  of  fixed  complexes  and  ligands 


The  compound 
fixed 

vNH, 

-1 

cm 

VCH2,  cm’^ 

1 

aNHj2, 

cm’ 

aCHp, 

cm' 

CH3NH-AC 

3317 

2946,2880, 
2850, 2808 

1473 

CH3NH-AC-CU 

3220 

2946,2880, 
2850, 2808 

1620 

1470 

En-Ac 

3378, 

3309 

2946, 2880 

1650 

- 

En-Ac-Cu 

3340, 

3280 

2946, 2880 

1650 

- 

The  complex  formation  causes  the  copper  ions 
chemisorption  from  the  solution.  From  the  value 
of  difference  between  the  introduced  metal 
amount  and  that  determined  in  the  solution  after 
adsorption,  the  average  metal-todigand  ratio  in 
the  fixed  complex  was  found.  The  results  ob> 


Silane  (1  g,  2.5*  lO  "^  mol)  was  used  to  modify 
16  g  (1.6- 10'^  mol  of  SiOH  groups)  of  the  aerosil. 
The  bonded  groups  concentration  as  determined 
from  the  elemental  analysis  data  was 
0.26  mmol/g.  The  potentiometric  pH  titration 
gave  0.29  mmol/g. 

Results  and  discussion 

After  silanes  immobilisation,  in  the  IR  spectra 
of  silicas,  the  absorption  band  at  3750  cm'\  re¬ 
lated  to  stretching  vibrations  of  isolated  OH 
groups  on  the  Si02  surface,  disappears;  the  bands 
arise  indicating  the  presence  of  alkyl  and  amino 
groups  (Table  1). 

The  character  of  the  IR  spectrum  changes 
bears  out  that  the  covalent  immobilisation  of 
aminosilanes  on  the  silica  surface  occurs,  accord¬ 
ing  to  schemes  (2)  and  (3). 

The  reaction  of  Cu(BF4)2  with  ligands  at¬ 
tached  to  aerosil  surface  can  be  described  by  the 
equation 

Si02‘^NHR  +  ^  [SI02'^N 

where  R=CH3  for  CH3NH-AS,  or  CH2CH2NH2 
for  En-AS. 


tamed  are  given  in  Tables  2  and  3. 

Consideration  of  sorption  isotherms  plotted 
using  the  data  of  Tables  2  and  3  shows  that  the 
complex  of  M:L=1:2  composition  is  formed  on 
the  surface  of  CH3NH-AS  and  En-AS.  In  the  case 
of  En-AS  with  grafted  bidentate  ligand  (ethyle- 
nediamine)  fixed  on  its  surface,  such  a  ratio  leads 
to  the  conclusion  that  a  complex  is  formed  with 
the  CuN4  chromophore,  while  for  CH3NH-AS, 
with  CuN2  one. 

It  is  established  from  IR  spectra  of  complexes 
recovered  at  50  °C  that  the  solvent  is  not  included 
into  the  inner  coordination  sphere,  nor  is  it  ad¬ 
sorbed  on  the  silica  (the  stretching  vibration  band 
of  CN  group  is  absent).  Therefore,  to  adjust  the 
co-ordination  sphere  composition  for  the  com¬ 
plexes  recovered  as  well  as  their  structure,  the 
EDR  and  ESR  spectra  were  considerated. 

Fig.l  shows  that  the  ESR  spectra  of  En-AS 
complexes  with  Cu(BF4)2  are  characterized  by 
the  unusually  high  resolution  for  fixed  complexes; 
this  allowed  to  determine  the  spin-hamiltonian 
^  2+  characteristics  (g±  and  gw), 

tJnCu  ,  n=1-3  It  is  found  that  the  ESR  spec¬ 
trum  is  of  axial  type,  and  the  gw 
value  indicates  that  the  octahedric  structure  of 
the  complex  is  deformed  (see  Table  4).  Of  impor¬ 
tance  is  the  fact  that  the  g-factors  value  do  not 
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Fig.l .  ESR  spqctra  of  Cu(BF4)2  complexes  with  En-AS  (1 ,2)  and  CH3NH-AS  (3)  recovered  from  CH3CN 
at  L:M  ratio:  1,)  41 ,6;  2)  20.8;  3)  8.5. 


Table  2.  The  adsorption  isotherm  of  Cu(BF4)2  on 
CH3NH-AS  (Cl  =  530  pmol/g).  F=  25  cm^ 
m  =  0.25  g,  Ccu  =  12.5  mmol/dm^. 


Table  3.  The  adsorption  isotherm  of  Cu{BF4)2  on 
EP-AS  (Cl  =  260  pmol/g).  V=  25  cm^  m  =  0.2  g. 
Ccu  =  12.5  mmol/dm^. 


Cu  added 

Cu 

molar  ratio 

Cu  added 

Cu 

molar  ratio 

3 

N,  mmol /dm 

molar  ratio 

[MlsoC- 

concentration 

in  solution 

after 

adsorption, 

mmol/dm 

M:L  on  the 

silica  surface 

jV,  inmol/dm^ 

molar  ratio 

[MlsotL 

concentration 

in  solution 

after 

adsorption, 

nunol/dm 

M:L  on  the 

silica  surface 

0.52 

0.049 

0.011 

0.024 

0 

1.04 

0.098 

0.6 

0.5 

1.76 

0.166 

1.1 

1 

0.8 

2.11 

0.199  1 

1.2 

0.085 

2 

1.2 

0.192 

2.64 

0.249 

1.4 

0.117 

5 

1.201 

3.5 

0.380 

5.28 

5 

7.5 

0.498 

0.471 

0.707 

2.5 

2.4 

3.9 

0.262 

0.245 

0.339 

7.5 

10 

1.802 

2.403 

5.8 

8.3 

0.440 

0.434 

10 

0.943 

5.8 

0.396 
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change  when  the  average  M:L  ratio  increases.  This 
fact  gives  the  evidence  that,  in  the  experimental 
conditions,  the  complex  of  only  one  composition 
is  formed.  The  comparison  of  results  obtained 
from  the  sorption  isotherms  and  calculations  of 
g-factors  shows  that  this  complex  is  just  the  com- 
pound  Cu(En-AS)2(BF4)2.  It  can  be  supposed 
that  (BF4)”  anion  is  not  included  in  the  inner  co¬ 
ordination  sphere,  and  a  markedly  stretched  octa- 
heder  arises  on  the  En-AS  surface.  This 
supposition  is  confirmed  by  the  EDR  spectra  of 
complexes  with  the  grafted  ethylenediamine 
(Fig.2).  The  position  of  the  d-d  transition  band  in 
the  electron  spectrum  of  the  ethylenediamine 
complex  does  not  change  when  the  M:L  ratio  is 
varied;  only  the  band  intensity  increases.  The  ab¬ 
sorption  band  of  the  fixed  ethylenediamine  com¬ 
plexes  is  positioned  lower  (17500  cm'^)  than  that 
of  similar  individual  ones  (19000  cm'*  for 
CuEn2(BF4)2).  In  our  opinion,  that  indicates  to 
an  insignificant  tetrahedric  deformation  of  the 
foxed  ligand  as  compared  to  their  homogeneous 
analogs. 

To  consider  the  possibility  of  including  sur¬ 
face  silanol  groups  into  the  inner  coordination 


AS  at  the  average  L:M  ratio:  1)  41 .6;  2)  20.8;  3)  5:2. 


sphere  composition,  we  have  studied  the  fixed 
complexes  behaviour  at  heating  to  1 10  °C,  The 
results  of  g-factors  measuring  show  that  such 
conditions  do  not  cause  any  essential  changes  of 
the  co-ordination  node.  Only  some  increase  of  the 
tetrahonal  distorsion  is  possible.  Such  changes 
can  be  due  to  strengthening  of  hydrogen  bonds 
between  the  grafted  ligands  and  silica  and  to  low¬ 
ering  their  mobility  on  the  surface  after  physically 
adsorbed  water  is  removed.  The  ESR  spectra  of 
the  silica  modified  by  methyl  amino  groups  differ 
markedly  from  those  of  ethylenediamino  silicas. 
The  poor  spectral  resolution  is  observed  regard¬ 
less  of  the  copper  concentration  on  the  surface 
(see  Fig.  1).  The  spin  hamiltonian  is  found  to  have 
the  axial  character,  the  g±  value  (Table  4)  indi¬ 
cates  to  a  deformed  octahedric  structure,  the  de¬ 
formation  being  substantially  higher  then  in  the 
case  of  En-AS.  The  poor  spectrum  quality  can  be 
the  evidence  of  the  mixture  formation  of  co-ordi- 


Fig.3.  EDR  spectra  of  Cu(BF4)2  comple.xes  with 
CH3NH-AS  (3)  recovered  from  CH3CN  without  heat¬ 
ing  (1,2,3)  and  after  the  heat  treatment  (r,2’)  at  L:M 
ratio:  1)24.1;  2)  16.0;  3)  2.5. 
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Table  4.  Spm-Hamiltonian  parameters  for  the  copper 
complexes  with  fixed  ligands. 


- - - 

Treatment 

En-AS 

CH3NH-AS 

conditions 

^11 

50  °C 

2.01 

2.21 

2.06 

110  °c, 

2.05 

1 

2.21 

2.07 

vacuum 

nation  polyhedra  on  the  surface  even  at  40 -fold 
ligand  excess.  Therewith,  the  copper  concentra¬ 
tion  increase  causes  only  the  smoothing  of  the 
spectrum  in  the  g\\  range  but  does  not  change  the 
g_L  position  (^1=2.05). 

In  the  EDR  spectra  of  Cu(BF4)2  complexes 
with  methylamino  ligands  fixed  on  the  aerosil 
surface,  one  absorption  band  having  the  maxi¬ 
mum  in  the  range  of  13800  cm'^  is  observed;  this 
band  is  common  for  the  octahedric  complex 
(Fig.3).  The  heating  of  samples  to  110  °C  to  re¬ 
move  the  solvent  and  water  molecules  from  the 
coordination  sphere  results  in  significant  spectral 
changes.  The  d-d  transition  band  of  the  complex 
shifts  toward  long-wave  region,  and  additional 
bands  appear  in  the  20000  and  25000  cm"^  ranges. 
These  facts  can  indicate  to  a  partial  formation  of 
complexes  having  low  coordination  number  (<4) 
on  the  CH3NH-AS.  The  comparison  of  results  of 
the  copper  ions  sorption  study,  EDR  and  ESR 


spectra  allows  to  suppose  that,  on  the  CH3NH-AS 
surface,  the  complexes  of  Cu(CH3NH-AS)2(BF4)2 
are  prevailing,  the  inner  coordination  sphere  of 
such  complexes  may  be  completed  by  the  coordi¬ 
nation  of  surface  silanol  groups  or  water  mole¬ 
cules. 

The  fixed  groups  concentration  on  the  En-AS 
is  approximately  half  of  that  on  the  CH3NH-AS, 
the  former,  however,  is  twice  as  dentate  as  the 
latter.  Threfore,  the  donor  nitrogen  atoms  density 
on  the  surface  must  be  approximately  the  same 
for  both  silicas,  if  the  fixed  ligands  are  distributed 
uniformly.  In  spite  of  this  fact,  the  substantial 
differences  in  the  structure  and  composition  of 
fixed  complexes  have  been  revealed.  This  points 
to  the  "isle-like"  distribution  of  fixed  groups  on 
the  silica  surface. 
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KoMnncKCbi  mcot  (II)  Ha  noBepxHocxH  KpeMHeaeMOB  c 
KOBajieHTHo-aaKpenneHHbiMH  MCXHJiaMHHO-  h 
STHJieHflHaMHHO-CHnaHaMH 

B.M.SaHues,  B.a.OjiefiHHK,  B.B.CKoneHKO,  B.B.AHTomyK 


IlyTeM  xHMHuecKoro  MOAH(J)HUHpoBaHHH  nonepxHocTH  HenopHCToro  aMop4)Horo  AHOKCH;;a 
KpeMHHH  nonyHCHbi  MaxepHajibi  c  KOBajieHXHO  saKpenjieHHbiMH  rpynnaMH  N-MexHJiaMHHonponHJi  h 
N-(aMHH03XHJT)aMHHonponHJi  (En-AS)  CHJianaMH.  Msyueno  BsaHMOAencxBHe  saKpenjienHbix  jinraHAOB  c 
aqexoHHXpHJibHbiM  pacxBopoM  Cu(BF4)2.  Ho  AauHbiM  (j)H3HKO-XHMHHecKoro  anajiHsa,  cneKxpocKonnn 
3nP,  HK  c  <I>ypbe-npeo6pa30BaHHeM  h  sjieKxpoHHOH  cneKxpocKonnH  AH{|)(l)y3Horo  oxpa)KeHH5i 
ycxanoBJicHO  o6pa30BaHHe  KOMnjieKcoB  cocxaBa  CuL2  (rae  L  -  npriBHXbiH  JiHrana),  hmcioiuhh  b  cjiynae 
En-AS  aKCHajibHO-Bbix5iHyxbiH  KoopAHHaqHOHHbiH  nojiHsap  c  gi=2,0I  h  g||=2.21.  TepMHuecKa^ 
o6pa6oxKa  npuBoanx  k  ycH.xeHHK)  xexpaaapHuecKoro  HCKa)KeHH5i  KoopAHHauHOHHoro  ysjia. 
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Two  algorithms  for  estimating  the  energetic 
inhomogeneity  of  chemically  modified  silicas 

Yu.V.Kholin  and  S.A.Memy 
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Estimating  of  the  energetic  inhomogeneity  of  chemically  modified  silicas  is  based  on  solving  a  Fredholm 
integral  equation  of  the  first  kind.  The  mathematical  incorrectness  of  this  problem,  features  of  known 
methods  for  its  solving  is  discussed  and  describe  robust  algorithms  DACl  and  DAC2  are  described. 
Constructing  the  algorithms,  we  have  completely  utilized  the  quantitative  a  priori  information  concerning 
the  solution  to  be  sought.  The  usefulness  of  the  algorithms  has  been  checked  by  their  application  to 
simulated  and  real  data. 


OqiHioBaHHH  eHeprerHHHoi  neo^opiAHOcri  xiMinno  MOflHifiiKOBaHHX  KpeMHCBCMiB  rpyHxyerbCH  Ha 
po3B’5i3aHHi  iHxerpajibHoro  piBHaHHH  Ope;troJibMa  nepmoro  po^y-  B  cxaxxi  o6roBOpioexbCH 
MaxeMaxHHHa  HeKopeKxnicxb  BKa3aHoi  sa^tani,  ocoSjiHBOCxi  b^omhx  Mexo^iB  ii  po3B’5i3aHH5i  i 
ooHcyioxbcH  HHcejibHo  cxiHKi  ajiropHXMH  DACl  i  DAC2.  ByAyiOHH  aJiropHXM,  asxop  noBHicxio 
BHKopHcxaB  KijibKicHy  anpiopHy  iH4)opMaqiK)  npo  piiueHHa,  iqo  Horo  myKaioxb.  npaqesAaxHicxb 
aJiropHXMiB  nepeBipeno  npH  ix  BHKOpHcxaHHi  ajih  o6po6KH  MOACJibHHX  xa  peajibHHX  AaHHX. 


Introduction 

Silicas  with  functional  groups  covalently 
bound  to  the  adsorbent  surface  are  known  as 
chemically  modified  silicas.  These  materials  are 
used  as  sorbents  for  separating  metal  ions  and  as 
supports  for  heterogeneous  metal  complex  cata¬ 
lysts.  To  describe  the  ion  sorption  on  modified 
sihcas  it  is  necessary  to  take  into  consideration 
specific  features  of  grafted  species  compared  to 
analogs  in  solutions  [1 — 3].  In  particular,  the  ap¬ 
proaches  which  describe  an  energetic  inhomo¬ 
geneity  of  chemically  modified  silicas  are  needed. 

The  energetic  inhomogeneity  results  from  dif¬ 
ferences  in  topology  and  solvatation  degree  of 
grafted  species,  inhomogeneity  of  grafting,  spread 
in  pore  sizes,  etc.  [4].  The  phenomenon  of  ener¬ 
getic  inhomogeneity  manifests  itself  as  variation 
of  standard  chemical  potentials  of  grafted  species 
having  4he  same  stoichiometric  composition.  The 
sorbent  energetic  inhomogeneity  affects  the  char¬ 
acter  of  ion  adsorption  isotherms  on  modified 
silicas.  Hence,  to  investigate  the  energetic  inho¬ 
mogeneity  one  has  to  analyze  the  experimental 
adsorption  isotherms. 


Adsorption  is  the  «integrated»  quantity  which 
describes  the  system  from  a  macroscopic  point  of 
view.  On  the  other  hand,  the  energetic  inhomo¬ 
geneity  is  a  microscopic  concept.  To  connect  the 
macroscopic  adsorption  and  the  microscopic  en¬ 
ergetic  inhomogeneity  one  must  apply  models 
concerning  the  interactions  on  the  adsorbent  sur¬ 
face.  In  particular,  it  is  necessary  to  know 
stoichiometric  compositions  of  grafted  species 
and  to  specify  which  chemical  reactions  on  the 
surface  take  place. 

In  spite  of  the  long  history,  the  problem  of 
estimating  of  the  energetic  inhomogeneity  re¬ 
mains  to  be  actual  to  the  present  day.  This  situ¬ 
ation  is  caused  by  difficulties  in  a  numerical 
calculation  of  inhomogeneity  characteristics.  The 
computational  difficulties  stem  from  the  incorrect 
nature  of  the  problem.  The  purpose  of  this  paper 
is  to  investigate  this  problem  as  the  mathemati¬ 
cally  incorrect  one  and  on  the  basis  of  this  analy¬ 
sis  to  propose  fast  and  numerically  stable 
algorithms  for  its  solution. 
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Background 


In  this  section,  we  deduce  the  equation  which 
allows  to  study  the  energetic  inhomogeneity  of 
chemically  modified  silicas.  We  use  a  simple 
model  of  chemical  interactions.  The  ion  sorption 
is  assumed  to  be  caused  by  the  only  chemical  re¬ 
action:  M,  the  component  of  solution  is  fixed  by 
the  grafted  group  Q  and  forms  the  complex  com¬ 
pound  MQ  grafted  on  the  silica  surface: 

M+Q  =  J^,  (1) 

for  simplicity,  the  species  charges  in  chemical  for¬ 
mulae  are  omitted.  Other  reactions  (including  the 
side  interactions)  are  neglected.  In  the  case  of  an 
energetically  homogeneous  system,  the  equilib¬ 
rium  of  reaction  (1)  is  specified  by  the  equilibrium 
constant,  K\ 

[MQ]=K[M\[Ql  (2) 

from  here  on,  the  square  brackets  denote  equilib¬ 
rium  concentrations.  In  the  case  of  energetically 
inhomogeneous  modified  silicas,  the  standard 
chemical  potentials  of  the  grafted  species  Q  or 
MQ  can  not  be  represented  unambiguously.  The 
standard  chemical  potentials  are  characterized  by 
the  sets  of  values  and  Thus,  unlike 

an  energetically  homogeneous  system,  the  equi¬ 
librium  of  reaction  (1)  is  described  by  a  set  of 
values  {Ki}  rather  then  one  of  them.  Let  us  de¬ 
note  the  grafted  groups  mth  the  constant  Ki  as 
Qi.  Introduce  the  fraction  of  groups  0 

pi^i ) = 

were 


= m + iMQ,]  =  m + = 

+  (4) 

tQi  is  the  total  (analytical)  concentration  of  spe¬ 
cies  Qi.  Connect  the  fraction  p(Ki)  with  the  ad¬ 
sorption  isotherm  parameters.  For  this  purpose, 
consider  the  complex  compound  MQ  formation 
degree: 

{Q\  +  {MQ]  % 

0</<  1.  (5) 

The  /  values  are  easy  to  calculate  from  the 
original  experimental  data: 


f{[M\)^ 


tM-W\ 

% 


(6) 


where  TmIs  the  total  (analytical)  concentration  of 
species  M.  Expression  (6)  gives  /as  the  function 


of  the  measured  equilibrium  concentrations  [M\. 
Note,  that  the  /  values  are  not  exact  because  the 
original  data  (fM,  and  [M\)  are  subject  to  ex¬ 
perimental  errors.  Furthermore, the  tMy  I®  and 
[M]  values  are  measured  only  in  some  experimen¬ 
tal  points  and,  hence,  the  function /is  specified  by 
a  table  of  values  on  the  finite  set  of  experimental 
points.  _ 

The  equilibrium  concentration  [MQ\  of 
grafted  species  MQ  is  the  sum  of  concentrations 
of  all  species  MQi.  Taking  into  account  equation 
(4),  one  easily  obtains: 

After  substitution  of  equation  (7)  for  [MQ] 
into  equation  (5),  the  result  is  cast  in  the  form: 

Ki  [M] 

^  Ki  [M\ 

=  L  P^^i>  •  i+K^iM\' 

For  practical  applications,  it  is  convenient  to 
pass  from  a  discrete  function  p(K)  to  a  continu¬ 
ous  counterpart.  Then 


0 

The  p(K)  is  obviously  a  distribution  function 
of  grafted  groups  in  equilibrium  constants.  It 
may  be  interpreted  as  a  density  of  the  probability 
distribution  of  equilibrium  constants,  with  e\i- 
dent  properties: 

00 

p(K)>0;  lpiK)dK=l.  (10) 

0 

Thus,  integral  equation  (9)  connects  p(K)  and 
/  ([A/I).  It  is  a  Fredholm  integral  equation  of  the 
first  kind.  Now  it  is  necessary  to  find  a  way  for 
solving  it.  This  equation  is  mathematically  identi¬ 
cal  to  the  Langmuir  equation  for  gas  adsorption 
on  heterogeneous  surfaces  [4 — 7]  and  to  equa¬ 
tions  describing  the  inhomogeneity  of  humic  ac¬ 
ids  and  protein  substances  [8 — 1 1]. 

Known  methods  for  solving 
equation  (9) 

In  this  section  we  consider  briefly  discuss  fea¬ 
tures  of  known  methods  and  discuss  why  their 
application  is  undesirable  in  our  problem. 
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It  is  possible  to  examine  two  ways  for  solving 
equation  (9).  The  precise  methods  are  based  on 
integral  transformations  (such  as  Fourier, 
Laplace,  Stieltjes  and  other  ones  [12]).This  tech¬ 
nique  is  applicable  if  the  analytical  expression  for 
f([M\)  is  known.  Unfortunately,  the  integral 
transformations  are  useful  only  for  simulations. 
The  unsuitability  of  these  methods  is  due  to  the 
fact  that  an  experimental  function/ ([Af])  is  speci¬ 
fied  by  a  table  of  values  rather  thau  hy  an  analyti¬ 
cal  expression. 

The  approximate  methods  are  divide^  into 
two  groups.  The  methods  in  which  the  exact  ex¬ 
pression  K[M\/{\  ■\‘K[M\)  is  replaced  by  ap¬ 
proximate  ones  constitute  the  first  group. 
Zeldo witch  [13]  and  Roginskii  [5]  were  the  first  to 
present  this  approach.  Executing  the  replace¬ 
ment,  the  description  of  local  isotherm  by  the 
Langmuir  equation  transforms  into  its  descrip¬ 
tion  by  other  expressions.  It  is  permissible  in  case 
of  the  physical  adsorption  because  in  the  physical 
adsorption  theory  different  isotherm  equations 
(Langmuir,  Freundlich,  Ivanovic,  Fouler — Gug¬ 
genheim,  etc.  [4,6])  have  the  same  physical  sense 
and  are  almost  interchangeable.  If  the  chemical 
sorption  without  side  interactions  takes  place  (in 
particular,  if  hydrogen  or  metal  ions  are  bound 
with  groups  grafted  on  the  silica  surface),  there  is 
only  one  suitable  equation.  It  is  the  Langmuir 
isotherm  equation  which  is  in  agreement  with  the 
mass  action  law.  Hence,  the  replacement  of  the 
Langmuir  isotherm  equation  by  the  others  is  un¬ 
desirable  from  a  physical  point  of  view.  And  yet, 
methods  of  the  first  group  do  not  provide  obtain¬ 
ing  precise  solutions  for  p{K)  [4,14]. 

The  approximate  methods  belonging  to  the 
second  group  are  based  on  the  square-law  func¬ 
tional  minimization: 

^  0  ' 

where  j  is  number  of  adsorption  isotherm  points. 

Equation  (9),  a  Fredholm  integral  equation  of 
the  first  kind,  is  the  typical  example  of  the  ill- 
posed  problem.  Its  ill-posed  nature  leads  to  the 
existence  of  many  different  possible  solutions  for 
p(K)  which  approximate  the  measured  /  values 
within  the  limits  of  experimental  errors.  That  is 
why  tht  classic  numerical  methods  of  optimiza¬ 
tion,  which  ignore  this  characteristic  property  of 
the  problem,  are  numericaUy  unstable. 

To  solve  the  problem  and  obtain  the  numeri¬ 
cally  stable  algorithm,  an  additional  a  priori  in¬ 
formation  about  the  searched  function  is  needed. 


The  famous  Russian  mathematician  Tik¬ 
honov  was  the  first  who  proposed  the  methods 
for  solving  ill-posed  (mathematically  incorrect) 
problems.  He  introduced  a  concept  of  conven¬ 
iently  correct  problems  [15].  To  reduce  an  incor¬ 
rect  problem  to  a  conveniently  correct  one  it  is 
necessary  to  obtain  a  quantitative  information 
that  allows  to  choose  one  solution  among  many 
possible.  For  instance,  the  problem  is  conven¬ 
iently  correct  if  the  information  that  narrows  a 
set  of  possible  solutions  to  a  compact  is  accessi¬ 
ble.  The  example  of  the  compact  is^a  ^et  of  non¬ 
decreasing  functions  bounded  above  and  below. 
The  solution  of  a  conveniently  correct  problem  is 
numerically  stable  on  the  conlpact. 

If  the  desired  quantitative  information  is  not 
accessible,  the  problem  falls  into  essentially  incor¬ 
rect  problems  [15].  To  find  its  solution  it  is  neces¬ 
sary  to  invoke  a  qualitative  information  about 
features  of  the  searched  function.  Then,  instead 
of  functional  (11),  one  should  to  minimize,  in 
p{K),  the  new  criterion 

i7„  =  f/+a.Q(p).  (12) 

where  Q(p)  is  a  non-negative  dampening  function 
of  p{K),  a  is  a  positive  parameter  of  regulariza¬ 
tion.  The  a-regularization  method  has  been  re¬ 
cently  used  to  study  the  energetic  inhomogeneity 
of  sorbents  [4,16].  To  calculate  p{K),  systems  of 
linear  algebraic  equations  were  constructed  and 
different  versions  of  the  regularized  least  square 
method  accounting  constraints  (10)  were  used. 
But  the  reliable  justification  of  the  routine  mathe¬ 
matical  technique  of  a-regularization  requires  the 
comprehensive  information  on  the  character  of 
the  searched  function  (  e.g.,  on  the  smoothness  of 
p{K))  and  on  the  errors  of  primary  experimental 
data  [15].  As  it  is  usually  absent,  the  a-regulariza¬ 
tion  is  believed  to  be  the  heuristic  procedure.  If 
the  information,  which  allows  to  solve  the  prob¬ 
lem  as  conveniently  correct,  is  available,  than  the 
use  of  a-regularization  is  not  a  good  practice. 

The  information  on  conditions  (10)  is  not  suf¬ 
ficient  to  narrow  a  set  of  possible  solutions  p{K) 
to  a  compact.  And  yet,  the  integral  distribution 
function  P{K),  given  by  the  expression 

K 

P{K)  =  \p{x)dx,  (13) 

0 

belongs  to  the  compact  set  of  restricted 
(0^(K)<1)  and  non-decreasing  functions. 
Hence,  a  search  for  p(K)  is  the  essentially  incor¬ 
rect  problem  and  a  search  for  P(K)  is  the  conven¬ 
iently  correct  one.  The  especially  perfect 
algorithms  for  estimating  an  energetic  inhomo- 
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geneity  HILDA  [17,18]  and  QA  [14]  are  based  on 
the  Adamson  and  Ling  method  [6]  and  calculate 
the  function  P(K)  through  its  discretization  on 
the  compact.  On  the  first  step  of  those  algo¬ 
rithms,  the  measured  values  of f([M])  are  fitted  by 
a  function.  Next,  the  function  P(K)  is  represented 
by  the  monotonically  non-decreasing  sequence  of 
values  P(Ki),  where  Ki  are  equidistantly  spaced 
arguments.  The  iterative  improvement  is  accom¬ 
plished  to  calculate  P(Ki)  values  which  are  in  ac¬ 
cordance  with  the  fitted  values  of Finally, 
the  function  P{K)  is  numerically  differentiated  in 
respect  to  K  to  find  p(K).  The  algorithms  HILDA 
and  QA  guarantee  a  numerical  stability  of  com¬ 
putation  of  P(Ki).  And  yet,  there  are  two  disad¬ 
vantages  of  this  class  of  algorithms.  The  first 
demerit  is  the  iterative  nature  of  calculating  the 
P(Ki)  values.  The  second  disadvantage  is  believed 
the  evaluation  of  differential  distribution  func¬ 
tions  p(K)  to  be  the  particular  step  of  the  algo¬ 
rithms.  As  the  smoothness  of  function  P(K)  is  not 
ensured  by  the  algorithms  under  consideration, 
functions  p(K)  may  have  discontinuities  or  spuri¬ 
ous  p(K)  peaks  may  easily  arise. 

In  our  mind,  methods  based  on  the  P(K)  dis¬ 
cretization  on  the  compact  can  be  improved. 


have  used  the  Simpson  version  of  the  Newton- 
Cotes  quadrature  formulae  [19].  In  the  Simpson 
method  the  function  Z  under  the  integral  sign  is 
represented  by  the  set  of  R  polynomials  of  the 
second  degree.  The  interval  of  the  variation  of 
log  ioA:  is  divided  up  into'  R  equal  subintervals 
and,  for  all  those,  the  function  Z  under  the  inte¬ 
gral  sign  is  approximated  by  the  expressions 

j  Z^Mj ,  log,o  fCj  d  loglO  K  =  Sf, 


where  index  r  marks  the  quantities  characterizing 
the  r-th  subinterval,  l<r<R,  logio^o^  is  the  left 
bound  of  the  r-th  subintervM,  Alogio/f  is  the  step 
of  discretization,  pMj  are  the  measured  values  of 
pM, 


AlogioA: 


Z^j.  +  4Z^j 


z,;=^p(iog,o^,ye,;.  ^=o,i,2; 

\og\oKf  are  the  equidistant  arguments. 


Simplification  of  the  discretization  method  — 
the  algorithm  DACl 

In  this  section  we  present  the  non-iterative  al¬ 
gorithm  DACl  (Distribution  of  Affinity  Con¬ 
stants-!)  which  calculates  P{K)  on  the  compact. 

We  have  to  obtain,  instead  of  equation  (9),  the 
appropriate  equation  in  respect  to  P(K).  It  may 
be  received  via  integrating  equation  (9)  by  parts 
[18]: 

00 

(I+KIM]) 

0 

It  is  convenient  to  change  the  variables  in  (14) 
and  to  pass  from  K  and  [M]  to  their  logarithms 
log  \oK  and  log 

OO 

x(pM)  =  l  Z  (pM.logjo  K)d  log,o  K , 


where  pM  =  -log  io[M], 

Z{pM,  logic  =  'P(loSio 
logglO  •  exp[^logglO  •  (p  M-  logic 
( 1  +  expflogg  10  -(p  M  -  logic 

Let  us  represent  equation  (15)  in  the  discrete 
form  using  quadratures.  For  this  porpose  we 


log^oKf  =  logic^fo  +  ‘  ■  Alogic^ ,  i  =  0,1,2; 


_  log^lO  •  exp(^log,,10  •  (pMj  -  logio^y 

( 1  +  exp^logg  1 0  •  (pMj  -  logicA:y ) 

Then  the  set  of  the  linear  equations  is  con¬ 
structed: 


R 

=  i=l,2,...,m  (17) 

r 

where  m  is  the  number  of  experimental  points 
which  are  used  to  solve  the  least  squares  problem. 

The  unknown  coefficients  P(iog\oKf),  i  =  0,1,2, 
r=l,2,...,R,  are  calculated  by  the  least  squares 
method  through  solving  least  squares  problem 
(17).  To  compute  P(logio  Ki)  on  the  compact  the 
boundary  constraints 

P('logic^:o)^0-  P(logioK^yi, 

P(log,oKo^fP(\ogioK;^, 

P(log,oKifP(\og,oK--i'j 

are  imposed  on  the  searched  values  of  F(logio^f^‘ 
As  result,  the  function  P(iog  ]oK)  is  represented  by 
the  non-decreasing  sequence  of  numbers  P  (log  lo^f)- 
The  right  parts  of  equations  (17)  x  (pMj)  are  the 
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/ 


measured  values.  Any  procedure  to  replace 
x{pM  j)  by  a  smooth  function  is  not  employed. 

We  tested  the  algorithm  DACl  and  found 
that,  similarly  to  the  algorithms  HILDA  and  QA, 
it  produces  numerically  stable  solutions, 
P(log  lo/Q,  but  the  quality  of  approximation  of 
measured  xipMj)  values  and  accuracy  of 
P(log  10^0  are  not  satisfactory  in  some  cases.  This 
fact  is  easy  to  explain.  For  the  accurate  approxi¬ 
mation  of  the  integral  in  equation  (15)  by  the 
sums  in  equations  (16),  the  step  of  discretization 
A  logic  must  be  sufficiently  small.  The  division 
of  the  discretization  step  causes  the  increase  of 

the  number  of  P(lQgia^  i)  values  to  be  com¬ 
puted.  But  there  exists  a  limit  of  this  increase.  The 
division  of  the  discretization  step  gives  rise  to  in¬ 
creasing  the  condition  number  of  the  matrix 
formed  by  the  coefficients  of  equations  set  (17). 
These  coefficients  become  highly  correlated 
(nearly  linearly  dependent).  The  orthogonal  de¬ 
composition  methods  [20],  which  are  widely  used 
in  a  modem  regression  analysis,  detect  and  reject 
the  «surplus»  coefficients.  For  this  reason,  not  all 

P(logio/M),  which  are  necessary  for  a  good  ap¬ 
proximation  of  the  integral  by  the  sums,  may  be 
determined.  As  a  result,  the  error  of  approxima¬ 
tion  of  the  measured  xipM  j)  values  exceeds  the 
experimental  error  and  the  searched  function 
P(logioA!)  is  represented  only  by  several 

P(logio^F)  values. 

Instead  of  deleting  the  discretization  step 
A  log  10  Ky  another  way  exists  to  increase  the  accu¬ 
racy  of  calculating  F(log  lo  K)  and  approximating 
x(pM j).  It  is  possible  to  increase  the  degree  of 
polynomials  which  are  used  to  approximate  the 
function  Z  under  the  integral  sign  in  equation 
(15).  But,  as  in  the  algorithms  DACI,  HILDA, 
QA,  estimating  the  differential  distribution  func¬ 
tions  p(log  loA!)  is  not  connected  with  calculating 
F(log  10  K)  and  remains  to  be  the  particular  step 
of  the  algorithm.  For  the  reason,  we  do  not  adopt 
this  modification  of  the  algorithm  and  propose 
the  algorithm  DAC2. 


pro xima ting  F(logio  /Q  by  a  single  polynomial  on 
the  whole  domain  of  variation  of  log  lo  we  pre¬ 
sume  POog  10  ^0  to  belong  to  analytical  function. 
There  exists  one  disadvantage  of  the  presumption 
discussed.  If  the  true  integral  distribution  func¬ 
tion  P(logio  /Q  is  of  a  stepwise  character,  the  de¬ 
scription  of  vicinities  of  points  where  the  function 
has  discontinuities  will  be  rough. 

Assuming  that,  similarly  to  P(logio^,  the 
function  t{pM)  belongs  to  analytical  functions,  it 
is  possible,  instead  of  integral  equation  (15),  to 
obtain  the  differential  one  with  the  some  solution 
[21-23]: 


P(x)  =  x(x)  - 


^ t(y) 


(log^l0)^3!  dx^ 


(/ogglOrS!  dx 


I 

.4  ’x  =  logjQ/r  -pM 


(19) 


where  jc  is  logio  in  case  of  P(x)  and  x  is  pM  in 
case  of  x(x).  Obtaining  this  equation  allows  to 
avoid  the  iterative  procedure  for  calculating 
P(x),  Now  it  is  necessary  to  calculate  the  deriva¬ 
tives  of  Tf'jc;.  It  is  a  mathematically  incorrect 
problem  [15].  To  solve  it  we  have  to  choose  an 
expression  for  the  approximation  of  measured 
x(x)  values.  The  simplest  decision  is  to  expand 
x(x)  in  a  power-series  about  the  point  ^  belong¬ 
ing  to  the  X  variation  interval,  remain  N  first 
terms  of  the  expansion  and  drop  all  the  rest  high- 
order  terms: 


1  =  0 

where  the  coefficients  g  i  (^)  are  the  /-th  deriva¬ 
tives  of  x(x)  in  respect  to  x  in  the  point  x  =§. 
After  substituting  equation  (20)  into  equation 
(19)  we  get  expression  to  calculate  P(x): 

N-l 

(21) 

/  =  0 

where  Di(x)  are  the  known  functions  of  x: 


The  algorithm  DACl 

Constructing  the  algorithm,  we  want  1)  to 
calculate  P(\og\oK)  on  the  compact;  2)  to 
evaluate  the  function  p  (logic  K)  simultaneously 
with  calculating  P(\og\oK);  3)  to  describe  A(^*)  ” 
Pflog  \qK)  more  accurately  than  in  the  algo¬ 
rithm  DACl  by  using  a  high-order  polynomial 
for  approximating  P(logio  A)  instead  of  using 
the  second  degree  polynomials  for  representing 
the  function  Z  in  the  algorithm  DACl.  Ap- 


^  (;-2/+l)!  '  (2/)!  ’ 

if;  is  an  even  number, 

/=0 

if  /  is  an  odd  number, 

I,  if/  =  0. 
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Hence,  to  calculate  P(x)  only  the  numerical 
values  of  coefficients  g  i  (^)  are  needed. 

For  finding  the  coefficients  gi(5),  the  system  of 
linear  algebraic  equations  is  constructed: 


/  =  0 

j  =  1,  2, m\  m>  N,  (22) 

where  m  is  the  number  of  the  measured  T(pMj) 
values.  The  numerical  values  of  g  i  (^)  are  found 
by  solving  least  squares  problem  (22).  To  solve 
the  problem  of  estimating  P(x)  as  the  conven¬ 
iently  correct  one  we  should  use  the  quantitative 
information  about  the  features  of  this  function  on 
the  stage  when  the  coefficients  g  i  (^)  are  com¬ 
puted.  For  this  purpose,  we  have  to  take  into 
account  (1)  that  P(x)  is  the  function  bounded 
above  and  below  (0  <  P(x)  <  1)  and  (2)  that  P(x) 
is  a  non-decreasing  function  (i.e.  a  differential 
distribution  function  p(x)  is  nonnegative).  It  is 
easily  to  write  expression  for  p(x): 

N-i  (23) 

p(x)  =  Y.  g,©G,(x), 

/  =  0 

where  Gi(x)=dDi  (x)ldx, 

Imposing  the  restrictions  on  the  P(log  lo  K) 


^  (i  -21+  1)!  ’ 

/=0 

if  /  is  an  even  number. 


^  (;-2/)!  ' 
/=o 

if  /  is  an  odd  number, 


(2/+l)(x-0^ 
(2/4- 1)! 


if/=:0; 

if/>l. 


and  p^log  10  K)  values 


N-\ 

0  <  P/log,o^0  =  I  gm-  D^ipMj)  <  1, 
/  =  0 


y=l,2,...,w,  (24) 


N-\ 

0<p,-(logi(,AD  =  I  g^(0-G^(pMp„ 

i  =  0 

y=l,2,...,w,  (25) 

we  apply  the  usual  technique  [20]  to  solve  the 
linear  squares  problem  (22)  subject  to  hnear  in¬ 
equality  constraints  (24), (25).  Thus,  the  function 
P(\og  10  /Q  is  calculated  on  the  compact  without 
using  an  iterative  procedure.  Supplementarily, 
the  function  pflog  lo  /O  is  estimated  without  ad¬ 
ditional  computations. 

To  approximate  the  measured  xipMj)  values, 
within  the  limits  of  experimental  errors,  the  value 
of  N  (the  number  of  coefficients  g  i  (§)  to  be  deter¬ 
mined)  must  be  sufficiently  large.  In  the  algo¬ 
rithm  DAC2  the  upper' threshold  of  N  is 
determined  by  the  expression 


Jw  -  1,  if  m  <  12, 

|l2,  ifw>12.  (26) 

If  N  is  too  large  this  is  an  attempt  to  describe 
not  only  the  function  x(pM)  but  also  the  experi¬ 
mental  noise.  If  this  situation  takes  place  and  re¬ 
strictions  (24)  and  (25)  are  omitted,  the  problem 
of  an  approximation  of  x(pM)  is  essentially  in¬ 
correct  and  obtaining  the  decreasing  function 
P(\og  10^0  is  probable.  But  due  to  constraints 
(24)  and  (25),  unacceptable  solutions  P(\og  lo  K) 
are  rejected.  Hence,  discrepancies  between  meas¬ 
ured  and  fitted  x(pM)  values  do  not  decrease 
without  bound  when  the  value  of  N  is  increased. 
Thus,  the  computation  of  P(\og\o  K)  on  the  com¬ 
pact  is  the  first  reason  for  which  the  much  too 
large  values  of  N  do  not  involve  a  numerical  in¬ 
stability  of  calculations. 

’  The  second  reason  is  connected  with  using  the 
singular-value  decomposition  (SVD)  method, 
which  appears  in  the  least  squares  algorithm  [20]. 
Employing  the  SVD  method  we  calculate  the  sin¬ 
gular  numbers  Oq  of  the  matrix  composed  by  the 
coefficients  of  equations  set  (22)  (pMj  -  /i !,  set 
zero  Gq  which  are  less  than  amax  •  b,  where  Gmax 
is  the  largest  singular  number,  s  is  a  small  num¬ 
ber,  and  do  not  compute  the  hnear  combinations 
of  g  i  (5)  corresponding  to  small  Gq.  The  choice  of 
s  determines  the  number  of  parameters,  which  are 
computed  from  the  primary  experimental  data.  It 
is  difficult  to  choose  unambiguously  the  value  of 
s  which  is  suitable  for  handling  the  real  chemi¬ 
sorption  isotherms.  But  it  is  clearly  that  the  in¬ 
crease  of  experimental  errors  has  to  give  rise  to 
increasing  the  appropriate  values  of  e.  Usually, 
the  experimental  values  of  x(pM^)  are  exposed  to 
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errors  ranging  between  10"^  and  10"*.  By  a  nu¬ 
merical  simulation  we  have  found  that  the  values, 
which  are  suitable  for  processing  the  real  chemi¬ 
sorption  isotherms,  belong  to  the  interval 

10“^  <8  <  lO”"*.  The  variation  of  e  inside  this  in¬ 
terval  does  not  practically  affect  the  character  of 
calculated  function  F(logio^  and  a  quahty  of 
%(pM])  approximation.  But  the  choice  of  s  plays 
an  important  role  in  sohin^  the  essentially  incor¬ 
rect  problem  of  calculating  p(\og\oK).  A  vari¬ 
ation  of  8  has  the  same  sense  as  a  variation  of  the 
regularization  parameter  a  in  equation  (12).  If 
the  primary  experimental  data  are  inaccurate  (the 

error  or  x  (pM^)  exceeds  5-10“^)  using  the  values  of 
8,  which  are  lesser  that  10"^,  may  cause  an  ap¬ 
pearance  of  spurious  maxima  of  /?(logio  K),  These 
maxima  characterize  not  the  energetic  inhomo- 
geneity  but  the  experimental  noise.  It  suffices  to 
increase  8  by  10 — 100  times  and  repeat  calcula¬ 
tions  to  detect  spurious  /?(logio  A”)  peaks.  In  the 
algorithm  DAC2,  we  have  used  the  value  of 
E  =  10”*. 

Simulation 

The  aim  of  this  section  is  to  display  a  numeri¬ 
cal  stability  and  an  accuracy  of  the  algorithm 
DAC2.  For  this  aim  we  have  used  a  simulation.  A 
known  (model)  function  F(logio  K)  was  specified. 
For  the  set  of  values  pM  integral  (15)  was  nu¬ 
merically  calculated  and  formation  degrees /(p A/) 
were  obtained.  Then  uniformly  distributed  ran¬ 
dom  errors  were  inserted  into  f(pK'f)  and 
F  (log  10  A)  was  calculated  again. 

A  model  function  has  to  exhibit  properties  of 
complicated  distributions.  It  is  necessary  to  take 
into  consideration  that  F(logioA)  may  be  a  su¬ 
perposition  of  some  distribution  functions  or  pos¬ 
sess  discontinuities.  In  our  opinion,  the  function 
F(log  10  K)  satisfies  these  requirements  if  it  is 
specified  by  expression 

P(Iogio^  =  (Pi(logi(,/0  +  P2(logio^)/2  (27) 

where  Pi(logioi^  is  the  exponential  probability 
distribution  function, 

PiQogy^  = 

0,  logio/:<C,  (28) 

1  -  exp(-(logj0Ar  -  Q/d),  logioAT  >  C, 

P2(log)oQ  is  the  normal  (Gaussian)  probability 
distribution  function, 


f(pM) 


Fig.l.  Complex  formation  degree  f{pM)  simulated 
from  the  model  distribution  law.  Exact  values  are 
showed  by  solid  line,  values  after  introducing  ran¬ 
dom  errors  are  shown  by  circles. 

'<>8.0^  _  2 

=  (29) 

_oo 

where  C  rf,  }x  and  a  are  the  parameters  of  the 
distribution  laws.  An  example  of  the  simulated 
function  f(pM)  is  presented  in  Fig.l.  The  values 
C=2,  d-l,  |a=7,  a=l  were  used  and  the  errors 
introduced  into  f(pK<f)  were  uniformly  distributed 
in  the  interval  (-0.05;  +0.05). 

The  obtained  f(pM)  values  were  the  basis  for 
reconstructing  the  distribution  function 
F(logio  K)  by  the  algorithm  DAC2.  The  resiilts  of 
calculations  are  shown  in  Fig.2.  Note  that,  if 
fipM)  values  were  not  undergone  errors  or  errors 
were  belonged  to  interval  (-0.025;  +0.025),  the 
differences  between  exact  F(logioA)  values  and 
reconstructed  ones  were  undistincted  in  the  scale 
of  the  picture. 

For  a  comparison,  we  present  results  obtained 
by  the  algorithm  DACl.  As  illustrated  in  Fig.3, 
the  algorithm  DACl  reconstructs  F(logioA) 
from  exact  f(pM)  values  successfully,  though  the 
deviation  of  the  calculated  values  from  the  model 
ones  reaches  in  some  points  0.1.  But  in  case  of 
f(pM)  values  exposed  to  random  errors,  the  re¬ 
constructed  solution  F(logic  A)  is  not  authentic. 

As  mentioned  above,  the  algorithm  DAC2  al¬ 
lows  to  reconstruct  thedensity  distribution  func¬ 
tions  p(logioA).  Results  of  p(logioA) 
computation  from /(pA/),  exposed  to  the  errors  in 
interval  (-0.05;  +0.05),  are  presented  in  Fig.4. 
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P(logioK) 


(model)  function  is  presented  by  solid  line,  the  func¬ 
tion  reconstructed  by  the  algorithm  DAC2  from 
/(pM)  values  in  presence  of  errors  belonging  to  the 
interval  ( -0.05;  +0.05)  is  shown  by  circles. 


Fig. 3.  Plots  of  function  P(logioA).  The  precise 
(model)  function  is  presented  by  solid  line.  The  func¬ 
tion  P(logio  K),  reconstructed  from  exact  f(pM)  val¬ 
ues  by  the  algorithm  DACl,  is  presented  by  dark 
circles.  The  function  F(logio  K),  reconstructed  by  the 
algorithm  DACl  from  the  f(pM)  values  in  presence 
of  errors  belonging  to  the  interval  (  -0.05;  +0.05)  is 
shown  by  light  circles. 

The  reconstructed  function  p(\og\Q  K)  is  close  to 
the  model  one.  Only  in  a  vicinity  of  the  point 
logio/C  =  2,  where  the  function  P(log  lo  K)  has  a 
discontinuity,  the  approximation  of  the  model 


Pdog^oK) 


Fig. 4.  Plots  of  density  distribution  function 
/?(logio  K).  The  precise  (model)  function  is  presented 
by  solid  line,  the  function,  reconstructed  by  the  algo¬ 
rithm  DAC2  from  fipM)  values  in  presence  of  ran¬ 
dom  errors  belonging  to  the  interval  ( -0.05; +0.05)  is 
shown  by  circles. 

function  p(log  lo  K)  by  the  calculated  one  is 
rough.  It  is  due  to  the  the  supposition  about  the 
smoothness  of  the  function  P(logio  A). 

Thus,  a  simulation  has  shown  a  high  reliabil¬ 
ity  and  accuracy  of  the  algorithm  DAC2.  The  al¬ 
gorithm  DACl  based  on  the  representation  of 
P(logio  A)  by  a  non-decreasing  sequence  of  num¬ 
bers  P(logioA^»^)  is  not  competitive. 

Example 

The  algorithm  DAC2  has  been  apphed  to  de¬ 
scribe  the  sorption  of  hydrogen  ions  by  chemi¬ 
cally  modified  silica  samples  with  grafted 
«-propyl amine  and  ethylenedi amine  (En). 

A  non-porous  aerosil  A- 175  with  specific  sur¬ 
face  area  175m^-g“^  for  grafting  ^-propylamine 

and  A-200  with  specific  surface  area  200m^-g"^ 
for  grafting  En  were  used.  To  prepare  sorbents 
with  a  «brush»  structure  of  grafted  layers,  the 
known  procedure  [24]  has  been  applied.  The  con¬ 
centrations  of  groups  grafted  on  the  silica  surface 
were  determined  by  potentiometric  titration  with 
a  strong  acid  and  by  elemental  analysis,  and  were 

found  to  be  0.43mmol-g“^  in  case  of  «-propy- 

lamine  and  0.57  mmofg“’  in  case  of  En.  The  syn¬ 
thesis  has  been  performed  by  Dr.Y.N.Zaitsev 
(Kiev  University,  Ukraine), 
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P(logioK) 


f(pH) 


Fig. 5.  Plots  of  function  fipM)  for  samples  with 
grafted  En  and  «-propyIamine.  The  measured  values 
are  shown  by  circles  (•  En,  ®  -  n-propyl amine),  the 
fitted  curves  shown  by  solid  lines  (1  -  En,  2  -«-propy- 
1  amine). 

The  hydrogen  ion  absorption  isotherms  were 
measured  by  potentiometric  titration  of  sorbent 
samples  at  20  °C  and  ionic  strengths  of  solutions 

0.1  moM  ^  (KNO3).  The  obtained  dependencies 
/ (pH)  (see  Fig.5)  were  analyzed  by  the  algorithm 
DAC2  with  the  purpose  to  estimate  the  energetic 
inhomogeneity  of  sorbents. 

As  shown  in  Fig.5,  the  measured  fipM)  values 
are  precisely  fitted  by  the  computed  ones:  discrep¬ 
ancies  between  measured  and  computed  f(pM) 
values  do  not  exceed  0.03. 

The  results  of  calculating  grafted  groups’  dis¬ 
tribution  in  logarithms  of  protonization  constant 
;7(log  10  K)  are  shown  in  Fig.6.  The  studied  sor¬ 
bents  are  energetically  inhomogeneous.  For  silica 
with  grafted  En,  the  calculated  function 
/?(logioiQ  has  three  maxima.  The  third  peak  at 
logio-^«9  is  believed  to  be  spurious  because  in¬ 
creasing  the  value  of  ^  from  10"^  to  10"^  causes  its 
disappearance  without  the  loss  of  accuracy  of 
f(pM)  approximation.  Hence,  as  one  would  ex¬ 
pect,  there  are  two  types  of  aminogroups  with  the 
different  basicities  in  the  sample  with  grafted  En. 
This  fact  is  determined  by  the  stepwise  nature  of 
hydrogen  ions  addition  to  the  grafted  En.  The 
logarithms  of  aminogroup  protonization  con¬ 
stants  in  the  sample  with  grafted  En  are  about  7 
and  5.  At  the  same  time,  the  logarithms  of  step¬ 
wise  protonization  constants  of  En  in  water  solu¬ 
tions  are  equal  to  10.04  and  7.22  [25],  Hence,  the 


Fig.6.  The  distribution  of  grafted  reagents  in  loga¬ 
rithms  of  protonization  constants  (1  -  En, 

2  -  n-propylamine). 


basicity  of  En  grafted  on  silica  surface  decreases 
compared  with  that  of  En  in  solutions.The  de¬ 
crease  of  En  basicity  is  attributed  to  the  forma¬ 
tion  of  hydrogen  bounds  between  En  and  weakly 
acid  silanol  groups  remaining  on  the  sorbent  sur¬ 
face  [26].  As  is  seen  (Fig.6),  the  function 
/?(logio  A!),  which  characterizes  the  energetic  inho¬ 
mogeneity  of  silica  with  grafted  n-propylamine, 
has  two  maxima  at  IogioAr«4.5  and 
log  loAT »  7.5.  Since  the  protonization  constant  of 
n-propylamine  in  water  solutions  is  equal  to  10.56 
[25],  we  can  conclude  that,  similarly  to  En,  the 
basicity  of  grafted  n-propylamine  decreases  com¬ 
pared  to  that  of  analogs  in  solutions.  The  de¬ 
crease  of  basicity  is  caused  by  the  formation  of 
hydrogen  bonds  between  n-propylamine  and  sur¬ 
face  silanol  groups.  But  the  existence  of  two 
classes  of  groups  with  different  basicities  is  rather 
unexpected.  It  is  impossible  to  explain  this  result 
by  the  stepwise  nature  of  the  hydrogen  ions  addi¬ 
tion  to  the  grafted  w-propylamine.  It  is  likely  that 
the  fixed  amino-groups  are  grafted  highly  hetero¬ 
geneously  and  form  clusters  (islands)  on  the  sur¬ 
face  [26].  In  the  clusters,  the  basicity  of 
aminogroups  is  greater  than  in  the  regions  with 
the  small  surface  concentration  of  the  grafted 
groups.  In  such  regions,  there  are  many  hydrogen 
bonds  of  aminogroups  with  acid  silanol  hydrox¬ 
yls  and  the  basicity  of  n-propylamine  decreases. 
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Jtea  ajiropHTMa  ouchkh  aHeprexHHecKOH  neoAHopo/lHOCTH 

XHMHHeCKH  lVIO.aH4)HUHpOBaHHbIX  KpeMHeseiVlOB 

IO.A.Xojihh,  C.A.MHpHUH 

OqeHHBaHHe  OHeprerHuecKOH  neoflHopOAHOCTH  xhmhucckh  MO/];H4)Hi4HpOBaHHbix  KpeMHeoeMOB 
ocHOBano  na  pemeHHH  HUTerpajibHoro  ypaBHCHHH  OpeitroJibMa  nepBoro  pona.  B  craxbe  o6cy)KnaeTC5i 
MaTeMaTHHecKa5i  HeKoppeKXHOcrb  yKaoaHHon  sa^aHH,  oco6eHHOcTH  H3BecTHbix  MeronoB  ee  peincHH^i  n 
OnHCbIBaK)TC5I  HHCJieHHO  yCTOHHHBbie  aJirOpHTMbl  DACl  H  DAC2.  CTp05I  aJirOpKTMbI,  aBTOpbl 
noJiHocTbio  Hcnojib30BajiH  KOJiHuecTBeHHyK)  anpHopHyio  HH(})opMaqHio  o6  3tom  hckomom  peiueHHH. 
npHronnocTb  anropHTMOB  npoBepena  npn  hx  HcnoJibsoBaHHH  njin  o6pa6oTKH  MOj^ejibHbix  n  peajibHbix 
naHHbix. 
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On  semiempirical  calculations  of  the  Van  der  Waals 
interaction  between  a  complex  molecule  and  a  surface 
within  many-electron  approach 


A.  V.Luzmov  and  V.VJvanov 


Kharkov  State  University,  4  Svobody  Sq.,  310077  Kharkov,  Ukraine 

Van  der  Waals  constants  describing  the  dispa*sion  interaction  of  a  conjugated  molecule  A  with 
a  sufface  (S)  of  metals  and  semiconductors  are  calculated  using  a  ph^omenological  didectric  function 
for  the  matmal  under  study  and  treating  the  corresponding  7c-shell  within  full-CI  approadi.  The  method 
proposed  requires  once  (for  eadi  surface)  solving  a  PT-like  equation  for  the  correction  to  the  unpertur- 

bated  full-CI  state,  cr-shell  contributions  to  are  estimated  via  the  additive  approximation  to  the 
respective  frequency  dependent  o  -  polarizabilities.  The  results  for  small  polyenes,  cumulenes,  benzene 
and  naphthalene  are  presaited  and  some  exdted-state  calculations  are  also  given. 


Po3paxoBaHO  BaH-Aep-BaaJibcoBt  KOHcraHXH  mo  onncyiOTb  flHcnepciilHy  BsaeMO^iio 

cynpaxceHoi  MOJieKyjiH  A  3  noBepxHeio  (S)  MeraniB  a6o  HaniBnpOBiAHHKiB.  }lnsi  pospaxyHKiB 
BHKopHcraHO  (JienoMeHOJioriHHy  meneicTpHHHy  (JiyHKuiio  BiflnoBmHoro  Marepiajiy,  a  BHBHeHHfl  k- 
060J10HOK  6a3yBajioci>  na  Merofli  noBHoi  KOH(j)irypaqiiiHOiB3aeMo;ai.  SanponoHOBaHHH  nmxm  norpeGye 
o^HOpasoBoro  posB’asaHHii  piBH5iHH5i  3a  TaKHM  THnoM,  mo  3’aBJMCTbCfl  y  Teopii  36ypeHb.  Bhocok 
CT-060JIOHKH  oqiHeHO  aaHTHBHo  Hepes  BianoBimiy  m*HaMiMHy  noji5ipH30BHicTb.  IIomiHO  peayjibTaTH 
po3paxyHKiB  hhxchhx  nojiieniB,  KyMyjieniB,  6eH30Jiy  i  naiJyrajiiHy,  a  tskoxc  mw  AeaicHx 

36yA3KeHHX  craniB  uhx  MOJieKyji. 


1.  Introduction 

The  estimations  of  interaction  energies,  Einty 
in  case  of  the  «molecule+surface»  system,  are 
quite  a  complicated  problem.  However,  at  the 
large  distances,  as  the  exchange  repulsion  is  negli¬ 
gible,  a  nonpolar  molecule  interacts  with  metal 
surface  via  the  dispersion  forces,  and  no  others. 
The  latter  may  be  presented  in  terms  of  a  power 
series  which,  for  the  problem  under  considera¬ 
tion,  is  of  the  form  [1] 

^  A— S  ^  A— S  ^  A—S 

^  _ W _ _ 

^  ^  p  -•••  (j) 

where  /  is  the  distance  between  a  given  molecule  A 

and  the  surface,  being  the  Van  der  Waals 
constants  of  the  appropriated  order  (see  also  the 
text -book  [2],  chapter  8). 


The  first  term  of  Eq.  (1)  gives  the  major  con¬ 
tribution  to  Einty  and  the  corresponding  Van  der 
Waals  constant  for  the  metal  surface  can  be  ex¬ 
pressed  through  the  imaginary  frequency  depend¬ 
ent  polarizability  a^(ico),  namely  [3] 


2«>  A 

^  A-S  _  ^  f  g  (i(o)dGy 


(2) 


(Os  standing  for  a  surface  plasmon  frequency,  all 
values  here  in  atomic  units.  The  analogous  ex¬ 
pressions  hold  for  the  semiconductor  surface. 

In  practice,  the  direct  calculations  of  Eq.  (2) 
by  numerical  integration  necessitates  a  large 
number  of  the  a(/co)  values.  Moreover,  finding 
the  dynamic  polarizabihties  is  a  special  problem 
of  molecular  quantum  mechanics,  which  can  be 
handled  with  recourse  to  the  approximated  mod¬ 
els  such  as  Hartree-Fock  method,  multiconfigura- 
tional  approaches,  etc.  These  calculations, 
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however,  are  also  laborious,  so  in  a  number  of 
papers  such  as  [4-6]  a  simple  one-term  dispersion 
formula  is  actually  used  when  assuming  the  only 
characteristic  frequency,  coo,  be  important. 

Nevertheless,  the  use  of  the  current  quantum- 
chemical  approaches  allows  much  room  for  treat¬ 
ing  correctly  the  polarizability  problem  [7-11]. 
The  purpose  of  this  paper  is  to  give  the  results  of 
our  appropriate  study  placing  it  upon  the  least 
subjective  formulation  through  the  exploration  of 
the  formally  exact  many-electron  approach  al¬ 
lowing  for  electron  correlation,  namely  the  full 
configuration  interaction  method  (full-CI),  Some 
semi  empirical  illustrations  of  the  technique  pro¬ 
posed  are  concerned  the  most  mobile  7c-electron 
shells  of  the  conjugated  organic  molecules  treated 
on  the  basis  of  the  standard  PPP  7t-electron 
scheme. 

2.  calculations  with  PT-like 

approach 

Consider  first  a  more  general  expression  for 

Van  der  Waals  constant  introducing  the 

phenomenological  dielectric  function 


+  ^s) 


used  in  [4];  here,  go  and  cos  are  certain  fitting  pa¬ 
rameters  describing  the  material  under  question 
such  as  a  metal  or  a  semiconductor.  Then,  the  use 
of  the  ensuing  representation 


'  =  7"  I  a(/co)^(/co)  da 


makes  it  possible  to  estimate  dispersion  interac¬ 
tion  for  semiconductors  as  well  as  for  metals,  for 
the  latter  go  =  1  is  usually  taken. 

It  is  a  simple  matter  to  perform  elementary 
integration  in  (4)  with  reference  to  the  common 
sum-over-state  for  the  dynamic  polarizability 

M  f 

,  V  «  Jo — 

a((o)  =  S  ^  ^ 


cD/c  being  the  excitation  energy  for  the  electronic 
transition  o->k,fo^k  its  oscillator  strength,  and 
M  the  number  of  the  excited  states  involved.  The 
result  of  computing  Eq.(4)  ( see  also  [3])  takes  the 
form 


Recalling  the  expression  for  oscillator 
strength 

2C0 j2  I  J  \  ^  \^\ 

=  +|2^A:|  (7) 

where  the  transition  momehts  between  the  A'-elec- 
tron  states  |v|/o>  are  defined  as 


N 


one  arrives  at  the  desired  sum-over-state  formula 


,A-S 


Zk+®5) '(  + 


+  |6o-^yfe|  +  \  Qo-^k\  )  >  (9) 

In  practice,  there  is  no  point  in  an  explicit 
summation  as  above.  A  more  appropriate  is  the 
next  procedure  which  is  familiar  from  the  ordi¬ 
nary  perturbation  technique  (PT).  First,  one  in¬ 
troduces  the  «correction»  |vj/'^((i))>  to  the  initial 
ground  state  |\{/^>  .  This  correction  satisfies  the 
inhomogeneus  equation 

-E,  +  a)  |/(co)>  =  -  77^)  |m/,>  , 

Hn  being  the  V-electron  unperturbed  Hamil¬ 
tonian  of  the  molecule  =  <v|/o|  77^^  |v|/o>. 
Then,  owing  to  the  evident  spectral  resolution 

M 

|VV)>  =  Z  (1 1) 

h=^l 

one  easily  gets  the  equivalence  of  Eq.  (9)  to  the 
following  expression 

+  ]  (12) 

From  such  a  form  of  the  surface  Van  der  Waals 
constant,  many  useful  approaches  proceed  allowing 
for  electron  correlation  via  the  configuration  inter¬ 
action.  While  our  major  aim  is  to  present  the  full-CI 
results,  so  we  restrict  the  consideration  to  that  for¬ 
mally  most  accurate  approach  (within  the  finite-di¬ 
mensional  electronic  models  supplied  by  finite-size 
atomic  orbital  bases). 

3.  Full  -  Cl  computations 

Pursuing  the  full-CI  description  of  the  mo¬ 
lecular  electronic  shells  we  will  resort  to  a  pure 
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matrix  formulation  of  this  method  [12,13],  which 
was  termed  «wavefunction  operator  method».  It 
may  be  displayed  in  term  of  the  spinless  w-elec- 
tron  operator  X  =  X{\,..n)  which  emerges  to  be 
the  operator  counterpart  (that  is,  the  wave-func¬ 
tion  operator)  of  2«-electron  vector  state  v|/o>  (for 
simplicity,  we  consider  the  even-electron  system, 
so  n  is  integer).  Then  2n-electron  Shrodinger  equa¬ 
tion 

(H2„-Eo)\x?o>  =  0  03) 

is  tantamount  to  the  following  w-electron  opera¬ 
tor  equation 

H^+XH„  +  k{X)-E^=0  (14) 

where  ^  is  a  superoperator  acting  on  the  «-elec- 
tron  entities  analogously  to  Roothan’s  exchange 
operator  for  the  one-electron  entities. 

This  fact  makes  feasible  a  matrix  algorithm 
for  computing  Eqs.  (9),  (12)  within  the  previous 
full-CI  technique  from  Ref.  [13].  All  one  need  to 
do  is  to  solve  the  nonhomogeneous  equation 

= 

for  the  given  frequency  co  =  co^y.  Here,  X^^\w)  is 
the  operator  counterpart  of  the  correction 
|\|/^(a))>  in  Eq.(lO).  One  can  apply  any  of  the 
known  computational  linear-algebraic  schemes 
(after  a  relevant  reformulation)  solve  the  Unear 
system  in  Eq.  (15)  to  find  A^^^(cOi).  In  so  doing,  an 
experience  of  the  treatment  of  the  analogous  one- 
electron  equations  appearing  in  the  density  ma¬ 
trix  formaUsm  [14]  is  also  of  value  too.  Given  the 
n-electron  matrices  2l^^(coj)  and  A^^^co^), 

the  wanted  quantity  can  be  calculated  in  terms  of 
the  one-electron  matrix  traces,  viz. 

=  (16) 

where  the  spinless  one-electron  transition  density 
matrix  (at  the  state  vector  language,  arising  from 

\W> 

is  computed  by  the  same  technique  as  for  the  one- 
electron  matrix  elements  in  [  1 3] . 

In  the  further  semiempirical  implementations 
of  this  algorithm,  we  use  the  same  parameteriza¬ 
tion  scheme  as  in  the  our  previous  calculations  in 
ref.  [10].  In  case  of  Ti-systems  we  take  the  nonzero 
resonance  integral  pec  =  -2.274  eV,  and  the  repul¬ 


sion  integrals  y|,iv  are  estimated  by  Ohno  formula 
and  the  one-center  value  yee  =  1 1. 13  eV, 

4.  Evaluations  for  the  conjugated 
molecule 

Proceed  now  to  the  semiempirical  computa¬ 
tions  of  the  Van  der  Waals  constants  taking  sev¬ 
eral  typical  metals  and  semiconductors  for  which 
the  phenomenological  constants  go  and  cos  in  Eq. 
(3)  are  known  from  Ref.  [3,15].  These  g  and  co 
values  are  Usted  in  Table  1.  As  to  admolecules,  we 
are  interested  first  of  all  in  the  unsaturated  hydro¬ 
carbons  since  their  electric  properties  at  the  full- 
CI  level  have  been  studied  earlier  in  Refs. 
[10,11,16].  Among  such  systems,  aromatic  mole¬ 
cules,  linear  polyenes,  and  cumulenes  are  of  spe- 


Table  1 .  Phenomenological  parameters  of  the  dielec¬ 
tric  function  g(icD)  in  Eq.(3)  for  some  substances 


A! 

Ge 

Graphite 

Diamond 

LiF 

NaF 

7.1 

10.6 

12.1 

14.2 

23.3 

17.4 

21.8 

eV 

1.0 

1.0 

0.88 

0.73 

0.70 

0.32 

0.27 

cial  interest  due  to  the  notable  distinction  be¬ 
tween  the  Hartree-Fock  (MO)  values  and  the  full- 
CI  ones  for  the  average  7i-electron  polarizability 
a  (see  Table  2).  To  this  set,  we  also  added  non- 
atetraenyl  cation  (a  polymethene  system)  as  being 
highly  polarizabile,  while  in  the  case  of  charged 
systems,  a  pure  electrostatic  effect  is  evidently 
predominant  over  the  dispersion  interaction. 
Thus,  the  allowance  for  7i-electron  correlation  ef¬ 
fects  is  very  important  when  describing  Ti-system 
susceptibilities  and  the  corresponding  dispersion 
interactions  to  be  closely  related  to  the  former. 


Table  2.  Influence  of  electron  correlation  upon  tu- 

o  ^ 

electron  polarizability  (in  A  )  for  tww^-polyenes 


Molecule 

MO 

Full-CI 

CHF*^ 

VHF*’^ 

Hexatriene 

10.53 

8.32 

5.60 

Octatetraene 

18.06 

15.58 

9.15 

Decapentaene 

27.04 

22.70 

13.25 

is  the  customary  coupled  HF  perturbation  theory. 
^^VHF  is  the  variational  HF  perturbation  theory  involving  all 
the  single  excited  configurations.  These  results  are  taken 
from  Ref  [17] 
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A-S  ^  3 

Table  3. 7i:-Contribution  to  Van  der  Waals  components  C3  (m  eV  •  A  ) 


Molecule 

Surface  1 

I 

II 

III 

IV 

V 

VI 

VII 

r — — — - — 

Mq 

Al 

Ge 

Graphite 

Diamond 

LiF 

NaF 

1 

Hexatriene 

2.0 

2.3 

2.1 

1.8 

2.0 

0.8 

0.7 

2 

Octatetraene 

3.1 

3.5 

3.2 

2.8 

2.9 

1.3 

1.1 

3 

Decapentaene 

4.3 

4.8 

4.4 

3.8 

4.0 

1.7 

1.5 

4 

Nonatetraenyl 

6.8 

7.7 

6.7 

5.6 

5.8 

2.6 

2.2 

cation 

5 

CH2=C=C=C=CH2 

3.4 

2.8  ^ 

2.5 

2.2  . 

2.4 

1.0 

0.9 

6 

Benzene 

1.6 

1.9 

1.7 

1.5 

1.7 

0.7 

0.6 

7 

Naphtalene 

3.0 

3.5 

3.3 

2.9 

3.1 

1.3 

1.2 

The  results  of  calculation  of  the  Ti-contribu- 

tion  to  are  collected  in  Table  3,  These  data 
may  be  juxtaposed  with  that  given  by  noble  gas 
atoms  having  close  polarizability  values.  So,  for 

O  2 

the  benzene  molecules  our  result  is 

that  is  about  the  value  for  Xe  atom, 

a(Xe)  =  4.0A  ,  the  corresponding  values  of 
A"S  eV.A^)  for  Al  surface  being  1.85  and  3.0, 
respectively  (the  second  number  is  taken  from  ref 
[18]).  It  is  interesting  to  note  that  the  Van  der 
Waals  interaction  with  graphite  and  diamond  be¬ 
ing  almost  the  same,  is  similar  to  that  with  such 
metals  as  Mg,  and  only  the  insulators  LiF  and 
NaF  give  evidently  lesser  values. 

Of  course,  to  estimate  the  total  dispersion  con¬ 
stant,  all  electron  shells  should  be  taken  into  ac¬ 
count.  In  order  to  hold  within  the  Tt-electron 
approximation,  an  additive  approach  to  the  a-shell 
can  be  applied.  For  this,  one  may  exploit  certain 
values,  acH  and  acc  as  the  simplest  fitting  parame¬ 
ters  giving  correspondency  the  average  polarizabili¬ 
ties  of  the  localized  a-bonds  C — H  and  C — C,  so 
that  the  total  average  polarizability  is 

—  71  a 

a  =  a  +  a 

=  -VcH^CH  +^CC^CC 

A^CH,  Ncc  being  the  numbers  of  C — H  and  C — C 

o  3 

bonds,  respectively.  Putting  acH  =  0.80  A  ,  acc 

o3 

=  0.25  A 

one  finds  the  overall  dipole  polarizability  a  to  be 
in  a  resonable  agreement  with  experimental  val¬ 
ues  from  Refs.  [10,19]  (see  Table  4). 


(18) 

(19) 


Therefore,  we  expect  that  a  use  of  the  additive 
scheme  such  as  this  gives  rise  to  the  adequate  esti¬ 
mations  of  the  full  values.  The  ensuing  ad¬ 

ditive  contribution  to  the  latter  owing  to  the 
a-bonds  is  calculated  in  terms  of  the  next  addends 


^CH  ®Ch(®  j  +  ®Ch)  + 

+  A^cc  ^cc  ®cc(®5‘^®cc)  ] 

where  cocH  and  cocc  are  the  mean  excitation  ener¬ 
gies  of  the  localized  two-electron  bonds  C — H 
and  C — C.  For  simplicity,  we  let  mcH  =  ©cc  = 
reminding  the  close  electronegativity  of  the  carb¬ 
on  2sp  AO  and  the  hydrogeneous  \s  AO  [20]. 
Then  the  a-contribution  (20)  is  calculated  by  the 
expression 


Table  4.  The  estimated  and  experimental  values  ot 

o  3 

the  average  polarizability  (mA  ) 


System* 

^exv 

1 

7.65 

13.25 

12.7 

2 

9.75 

18.90 

— 

3 

11.85 

25.10 

4 

10.30 

40.71 

5 

4.20 

10.49  ^ 

— 

6 

6.30 

9.90  ; 

9.9 

7 

9.15 

16.41 

16.6 

*Tlie  numeration  of  the  molecular  systems  is  the  same  as  in 


Table  3. 
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Table  5.  The  overall  Van  der  Waals  Constants 

A— S  ^  3 

C3  (in  eV  •  A  )  including  cr-contribution 


System* 

Surface 

I 

n 

m 

IV 

V 

VI 

VII 

1 

5.8 

6.1 

6.7 

6.2 

6.4 

2.6 

2.4 

2 

7.9 

9.4 

8.8 

7.7 

8.5 

3.6 

3.3 

3 

10.2 

12.0 

11.1 

9.8 

10.7 

4.5 

4.1 

4 

12.1 

14.3 

12.9 

11.1 

12.0 

5.1 

4.5 

5 

4.5 

5.3 

4.9 

4.3 

4.8 

2.0 

1.8 

6 

4.7 

5.7 

5.3  i 

4.7 

5.2 

2.2 

2.0 

7 

7.5 

9.1 

8.5  1 

7.5 

8.3 

3.5 

3.2 

*^ThQ  numeration  of  the  molecular  systems  (and  the  surface 


species)  is  the  same  as  in  Table  3. 


Table  6. 7c-contribution  to  (in  eV  •  A^)  for  the 
lowest  ^82  (or  ^82^)  excited  states  of  some  conju- 
gated  molecules 


System* 

Surface 

I 

II 

III 

IV 

V 

VI 

VII 

Decapen- 

taene 

20.8 

20.3 

17.8 

14.6 

14.3 

6.5 

5.5 

Nonatet¬ 

raenyl 

cation 

17.3 

12.5 

10.6 

8.5 

7.9 

3.7 

3.1 

Naphtha¬ 

lene 

5.7  : 

6.0 

5.4 

4.6 

4.8 

2.1 

1.8 

*^e  numeration  of  the  surface  species  is  the  same  as  in 


Table  3. 


C 


A-S 


(21) 


putting  CO  =  9  e V  for  the  computations  realized. 
The  final  results  are  summarized  in  table  5. 

The  excited  states  of  admolecules  are  of  spe¬ 
cial  interest  due  their  influence  on  photoadsorp¬ 
tion  effects.  In  this  context,  the  computation  of 

for  low-lying  7i7t*-excited  states  has  been 
performed.  Among  the  molecules  above  treated, 
the  excitation  effect  is  the  most  apparent  for  the 
nonatetraenyl  cation  and  the  isoelectronic  cu- 
mulene  system  (systems  4  and  5  from  table  3).  In 
case  of  system  4,  the  first  singlet  excited  state  is  of 
B  symmetry,  having  (within  full-CI)  the  excita¬ 
tion  energy  co^  =  2.41  eV  and  the  large  transition 

o 

moment  Qx  =  2.58  A.  The  analogous  data  for 

o 

system  5  are  5.12  eV  and  1.67  A.  With  the  such 
low-lying  excited  state,  the  ground  state  gives  a 
very  important  contribution  to  the  dispersion 

constant  for  the  excited  states  property 

since  this  contribution  comprises  (see  Eq.  (9) ) 


So.  -1 


-L-l  [1] 
co„  )  ^ 


where 


(22) 


states  are  displayed  in  Table  6,  where  the  corre¬ 
sponding  results  for  the  excited  B2u  state  of  naph¬ 
thalene  are  added  for  comparison. 

5.  Conclusion 

An  attempt  has  been  made  here  to  make 
quantitatively  understandable  some  features  of 
the  dispersion  interaction  of  the  conjugated  sys¬ 
tems  with  the  surface.  While  our  demonstrations 
are  of  the  semiempirical  type,  the  same  approach 
within  full-CI  method  can  be  applied  to  ab  initio 
description  of  the  molecular  electronic  structure 
(for  the  moderate-sized  systems)  if  using  the  algo¬ 
rithm  given  in  [13].  Moreover,  the  Van  der  Waals 
constants  presented  above  at  the  fulhCI  level  pro¬ 
vide  the  most  dependable  bases  for  checking  the 
approximated  and  yet  more  available  methods 
such  as  coupled  and  variational  Hartree-Fock 
methods  (both  restricted  and  unrestricted  ones). 
But  this  item  is  under  study  now. 
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A  detailed  physical  analysis  of  date  obtained  from  static  light  (LS)  and  dynamic  light  scattering  (QLS) 
experiments  with  polymer-like  DSDMA  OH  micelles  has  been  undertaken,  supported  by  small-angle 
X-ray  scattering  (SA^)  measurements. 

JtoKJia^HHH  (fiisHHHHH  auajiis  AaHHX,  oAep>KaHHX  b  eKcnepHMeHxax  no  craxHHHOMy  (LC)  xa 
jtHHaMiHHOMy  (QLS)  poaciHHHio  cBixjia  na  nojiiMeponoAi6HHx  Miuejiax  DSDMA  OH,  niAKpinJieHHii 
pe3yjibxaxaMH  BHMipioBaHb  MaJiOKyxoBoro  po3ciHHH5i  peHxreniBCbKoro  npOMiHH5i  (SAXS). 


1.  Introduction 

It  is  well  known  that  surfactant  molecules  self¬ 
aggregate  into  assemblies  in  aqueous  solutions 
above  the  critical  micelle  concentration  (CMC). 
Below  the  CMC  the  surfactants  are  in  a 
monomeric  state,  above  the  CMC  and  at  low 
micellar  (volume  fraction)  concentrations,  the  ag¬ 
gregates  are  generally  rotund,  spherical  micelles 
[1].  In  some  cationic  surfactant  systems  and  non¬ 
ionic  or  anionic  systems  as  well  as  mixtures  of 
cationic  and  anionic  systems,  long  wormlike 
micelles  form  at  higher  concentrations  and/or 
upon  additions  of  salt  or  acid  [2-5].  Solution 
properties  of  di-(^ -alkyl) dimethyl-ammonium 
surfactants  with  different  counterions  have  been 
investigated  mainly  for  n-alkyl  residues  of  C12 
[6,7].  Brady  et  al.  [8]  and  others  studied  the  more 
water  soluble  dido  decyl  dimethyl  ammonium  salts 
in  the  presence  of  various  anions  with  respect  to 
solubiliiry,  CMC,  particularly  emphazing  the 
counterion  specifity  of  doubl-echained  cationic 
surfactants.  However,  there  is  little  information 
available  on  the  solution  properties  of  distearyidi¬ 
methylammonium  (DSDMA)  chloride  in  aque¬ 
ous  solutions  [9].  Furthermore,  there  are  no 


experimental  date  available  on  the  DSDMA  hy¬ 
droxide  in  aqueous  solutions  which  is  believed  to 
be  an  intermediate  within  the  microbial  biodegra¬ 
dation  and  metabolism  of  DSDMA  halides  [10]. 
DSDMA  OH  reveals  a  fairly  unusual  pattern  in 
aqueous  solution:  at  low  molarity  of  salt  it  forms 
vesicles,  at  high  salt  as  well  as  high  surfactant 
concentration  in  forms  threadlike  micelles.  Since 
the  theory  of  the  vesicle  or  spherical-to-wormlike 
micelle  transition  including  the  theory  of  the 
rheological  behavior  of  wormilke  micellar  solu¬ 
tion  presently  lack  predictive  powers,  we  beheve 
it  is  important  to  establish  convincing  date  of  this 
system  undergoing  spherical  (vesicular)  to  worm¬ 
like  micelle  transition  for  DSDMA  OH.  We  stud¬ 
ied  in  detail  the  conformation  of  DSDMA  OH  by 
means  of  dynamic  light  (QLS)  and  static  light 
scattering  (LS),  including  small-angle  X-ray  scat¬ 
tering  (SAXS),  because  its  importance  of 
DSDMA  Cl  including  its  various  applications  as 
fabric  softners  etc.,  and  its  counterpart  DSDMA 
OH  within  the  microbial  transformation  which  is 
dependent  on  the  surfactant  concentration 
(monomers  vs.  micelles)  as  well  as  on  salt.  Fur¬ 
thermore,  we  explored  the  adhesion  of  DSDMA 
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OH  on  solid  surfaces  by  means  of  X-ray  reflectiv¬ 
ity  and  QLS  in  order  to  compare  the  solution 
structures  of  DSDMA  OH,  e.g.  wormlike  micelles 
vs.  ordered  Langmuir-Blodgett  structures.  The 
solid  surfaces  applied  in  this  study  are  rutile 
(Ti02)  and  kaolinite  (Al2Si205(OH)4),  respec¬ 
tively. 


2.  Theory 

The  scaliijg  theory  developed  by  de  Germes 
has  been  applied  in  describing  the  static  proper¬ 
ties  of  DSDMA  OH  as  flexible  polymer  chains 
withm  the  semidilute  regime  in  terms  of  the  corre¬ 
lation  length,  C  [11]*  The  theory  teaches  that  the 
osmotic  pressure,  n,  in  the  semidilute  regime  is  a 
function  of  ^  only,  which  is  dependent  on  poly¬ 
mer  concentration,  C,  but  independent  of  mo- 

Q  /A 

lecular  weight  M,  so  relating  for 

semidilute  solutions  of  polymers  in  good  solvents. 

It  is  appropriate  to  review  the  physical  behav¬ 
ior  of  polymers  in  solution  to  compare  to  dilute 
and  semi-dilute  concentrations  of  DSDMA  OH 
(0,005-0.05  M)  in  H2O  (0.1-0.25  M  NaCI).  This 
comparison  is  particularly  relevant  for  polymers 
in  good  solvents  when  the  polymer  chains  are  ex¬ 
panded  due  to  excluded  volume  effects.  At  very 
dilute  solutions,  the  radius  of  gyration,  Rg,  and 
the  polymerization  index,  A,  of  a  coil  are  related 
through  equation  (1)  [12,13]: 


with  V  =  0.6.  More  recent  determinations  led  to 
an  exponent  of  0.588  [13].  In  the  semi-dilute  sys¬ 
tem  where  cp  equals  cp*  (cp  =10^  C2l^2  where  V2  is 
the  molal  volume  and  C2  the  molar  concentration 

of  the  solute,  and  (p*  is  the  crossover  volume  frac¬ 
tion  of  the  solute),  the  thermodynamic  properties 
are  no  longer  dependent  on  N.  The  screening 
length,  is  the  relevant  parameter  which  is  re¬ 
lated  to  the  average  distance  between  nearest 
chain  contacts: 

visualizing  the  micelle  in  semi-dilute  solutions  as 
a  polymer  having  a  mesh  size  of  Q  which  de¬ 
creases  in  the  good  solvent  limit.  At  the  crossover 

volume  fraction,  (p*,  the  correlation  length,  , 
which  is  almost  equal  to  the  radius  of  gyration  is 
related  to  the  intensity  of  scattered  light  as: 

,  2.3  -0.31  (3) 

4=(p  c  =<p  '  ^ 

for  semi-dilute  solution  versus  dilute  solution: 


where  h  is  the  intensity  of  the  scattered  light, 
q=(4nn/X)sin  cp  (n  is  the  refractive  index  of  the 
solution,  X  the  wavelength  of  the  incident  light,  0 
the  scattering  angle),  and  A  and  B  are  constants 
dependent  on  the  weighted  average  molecular 
weight  and  on  the  concentration  of  the  polymer. 
The  function  P(qy^  is  related  to  the  structure  fac¬ 
tor: 


1  1  +  gHR  ]  +  Cq'^ 

P{q)  “  -P(0)  (5) 

The  factor  C  is  a  constant  which  depends  on 
molecular  weight,  polydispersity,  and  structure. 
A  plot  of  P{qy^  vs  q^  can  reVeal  an  upward  curva¬ 
ture  at  small  ^-vectors,  and  subsequently  a  down¬ 
ward  curvature  at  high  C2  in  the  case  where  the 

polydispersity  index  increases  [14].  For  dilute 

Mn 

solutions  of  flexible  chains  with  qRg  «  5  the 
reduced  first  cumulants  are  described  in  equation 
(6): 


4=^(1 + 


where  D  is  the  z-average  diffusion  coefficient 
<  D  >z  at  concentration  C2,  and  C  is  equal  to  2/15 
or  13/75  [15].  For  qRg<\,  the  q^  term  can  be 

Ti 

neglected  so  does  not  show  any  ^-dependence. 

q 

Extrapolation  of  <  D  >z  to  zero  concentration  re¬ 
duces  to  the  self-diffusion  coefficient  according 
to: 


^  (/) 

If  the  particle  is  non-spherical,  then  Rh  is  re¬ 
ferred  to  as  the  apparent  hydrodynamic  radius. 
The  autocorrelation  function  for  relatively  small 
particles  undergoing  Brownian  diffusion  can  be 
described  as: 

rl).  V  (8) 

For  non-spherical  particles,  particularly  con¬ 
sidering  the  flexibihty  of  long  chain  macromole¬ 
cules,  internal  relaxation  processes  as  well  as 
rotational  diffusion  contribute  to  the  hne  width 
of  the  scattered  light.  For  a  Gaussian  coil,  Pecora 
[16]  developed  an  expression  similar  to  equation 
(8)  for  the  light  scattering  first-order  correlation 
function: 
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(9) 

qO)(%)=So(x)e  5^oV52(x)e  x  +... 

with  X  ®  T'l  is  the  relaxfltion  time  of  the  first 

normal  mode  of  the  Gaussian  coil,  and  the  Ss  are 
dynamic  form  factors  [16].  Maeda  and  Fujime 
[17],  and  Harris  [18]  developed  a  theoretical  de¬ 
scription  of  dynamic  hght  scattering  from  very 
long,  very  flexible  rod-like  macromolecules.  The 
model  expresses  the  elastic  constants  as  the  in¬ 
verse  of  the  Kuhn  statistical  length  segment,  y, 
which  is  related  to  the  persistence  length  by: 


1 

^"2/  (10) 

The  first  order  correlation  function  can  be  ex¬ 
pressed  as  a  series  of  exponential  analogues  of 
equation  (9).  For  the  Gaussian  coil  limit 
(jL  »  1),  with  L  the  length  of  the  macromole¬ 
cule,  equation  (11)  can  be  obtained; 

X  _  <R^>  ^  ^  (11) 


7  ^ 

with  <R^>  =  — ,  which  is  the  mean  squared  end- 
yL 

to  end  distance  of  the  particle. 

The  apparent  diffusion  coefficient  obtained 
by  dynamic  light  scattering  is  defined  as: 


“PP  yf  ■  S(q) 


(12) 


with  ks-T  the  thermal  energy,/ the  friction  fac- 
tor  at  infinite  dilution  of  the  colloidal  particle, 
H{q)  accounts  for  the  hydrodynamic  interactions 
between  the  particles,  and  S{q)  is  the  partial  solu¬ 
tion  structure  factor.  For  q-^  0,  Dapp  is  identified 
as  the  self-diffusion  coefficient,  Dm,  and  for 
^  00  and  oo)  =  1,  Dapp  is  identified  as  the 

self-diffusion  coefficient,  D,ye//[19]. 

For  DSDMA  OH  solutions  above  the  CMC, 
micelle-micelle  interactions  are  predominant  so 
counterion  diffusion,  Di,  is  much  larger  than 
jjDSDMA  these  micelles.  At  the  CMC,  the  mu¬ 
tual  diffusion  coefficient.  Dm,  of  these  micelle  is 
constant;  so  micelle-micelle  as  indicated  by  the 
subscripts  22  correlations  predominate: 


_  j^SDKfA  ^2  _  D^  (1 
'^22 


For  a  hard-sphere  model,  kh  ~6.45  and 
kd-1.56  [20-21].  Due  to  the  low  CMC  and  the  fast 
reaction  rate  regime  of  this  system,  the  autocorre¬ 
lation  function  of  the  scattered  intensity  repre¬ 
sents  only  the  micelle  dynamics,  and  ([)  is  the 
volume  fraction  of  the  micelles  above  the  CMC. 

In  the  limit  of  non-interacting  particles,  the 
translation  diffusion  coefficient  Dapp,  which  has 
been  derived  directly  from  the  time-dependent 
part  of  the  correlation  function,  coincides  with 
the  translational  diffusion  coefficient  of  the  parti¬ 
cle,  For  dilute  solutions,  Dapp  can  me 

expressed  according  to  equation  (14): 

=  +  +  (14) 

where  the  coefficient  Ki  is  the  thermodynamic 
perturbation  coefficient  and  proportional  to  the 
well-known  second  virial  coefficient,  Kh  is  the  hy¬ 
drodynamic  perturbation  coefficient,  which  has 
been  evaluated  by  Batchelor  [20]  and  Felderhof 
[21].  For  spheric  particles,  related  to  the 

Stokes’  radius  Rh  by  equation  (9). 


3.  Results  and  Discussion 

A.  Surfactant  concentration  dependency  of 
DSDMA  OH  at  25°  C  in  water. 

Let  us  represent  the  light  scattering  results  iii 
the  form: 


K(C-C^) 

Rq-K 


2  2 

1  I67I  fin  2  2  0 

=  ^[(l-t-^7?'„sin^?-H...)  + 


■  3^2  -g--  2 

-i-242(C-Co)  +  ...] 


(15) 


where  X  is  the  wavelength  of  light  (632.8  nm), 
and  no  is  the  refractive  index  of  the  NaOH  solu¬ 
tions,  Rg  is  the  radius  of  gyration  of  the  DSDMA 
OH  particle  in  solution,  and 
Co  =  CMCdsdmaoh- 

Assuming  the  DSDMA  OH  solution  (5  mM) 
at  salt  concentrations  between  0.0-0.15  NaOH  be¬ 
haves,  in  the  first  approximation,  as  ideal  consid¬ 
ering  the  low  second  virial  coefficient,  the  angular 
dependence  of  the  light  scattering,  and  Debye- 
plot  represent  the  radius  of  gyration  and  the  re¬ 
ciprocal  of  micelle  (vesicle)  molecular  weight 
(Ml)  as  function  of  DSDMA  OH  concentration 
(1-5  mM).  We  then  can  suppose  that  sphericaj 

partieles  having  a  radius  of  gyration  of  135  A 
would  be  formed  at  the  CMC,  and  they  associate 
with  one  another  to  form  these  particles  which 
are  vesicles  up  to  concentrations  of  DSDMA  OH 
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of  5  mM.  In  the  concentration  range  between  1  mM 
to  approximately  50  mM  of  DSDMA  OH 

(CMC=  L05-10  the  radius  of  gyration,  Rg,  the 
second  vinal  coefficient  A2i  and  weight-averaged 
molecular  weight  are  obtained  having  values  of 

i^=l35A,  =  3.5'lO‘^mL -mol -g”^,  and 

MW .  These  values  are  consistent  with 
those  obtained  from  small-angle  X-ray  scattering 
experiments.  However,  by  increasing  the  surfactant 
concentration  above  5  mM  (6-50  mM),  a  consider¬ 
able  increase  of  the  radius  of  gyration  occurs  to 

o 

/^^  =  815A,  weight-average  molecular  weight  of 

3.7  •  10  ^  and  Ai  =  4.6  •  10  ^  mL  •  mol  •  g”^.  Fur¬ 
thermore,  increasing  the  DSDMA  OH  concentra¬ 
tion  in  H2O  beyond  50  mM,  the  average  molecular 
weight  was  determined  to  be  36.500,  and  from  ap¬ 
parent  diffusion  coefficient  we  calculate  a  hydrody¬ 
namic  radius  of  25.0  A.  The  apparent  radius  of 

g3/ration  was  found  to  be  19.5  A,  as  determined  by 
SAXS,  resulting  in  a  hydrodynamic  sphere  for 

DSDMA  OH,  having  a  radius  of  24.7  A.  The  «dry» 
hydrodynamic  radius  for  DSDMA  OH  was  calcu- 

o 

lated  to  be  22.83  A,  applying  a  partial  specific  vol¬ 
ume  of  V2  =  0.8195  mL  •  g”'. 

Considering  now  the  intermediate  concentra¬ 
tion  range  more  closely,  the  physical  properties 
of  DSDMA  OH  in  the  concentration  range  of 
6-50  mM  indicate  that  the  DSDMA  OH  micelles 
are  bulky,  highly  extended  structures.  The  deter¬ 
mined  value  of  Rg  =  815  A  agrees  with  the  calcu¬ 
lated  Gaussian  coil  quantity  of  805  A.  Similar 
values  have  been  determined  for  DSDMA  OH 
solutions  (0.05  M)  in  the  presence  of  0.25  M 
NaOHorO,25MNaCI. 

B.  Effects  on  light  scattering  of  DSDMA  OH 
solutions  by  varying  NaOH  concentration 
(0. 1-0.25  M). 

Log-log  plots  of  the  scattered  intensity  and 
DSDMA  OH  concentrations  (0.005-0.05  M)  in 
0.1  M  and  0.25  M  NaOH,  both  in  water,  at  scat¬ 
tered  wave  factors  of  ^  =  6.0  ■  10  ^  =  3.5  ■  lo'®, 

and  ^  =  0,  show  that  the  maximum  of  the  scat¬ 
tered  intensity  is  shifted  toward  lower  surfactant 
concentration  when  q  decreases.  In  addition,  the 

dissymmetry  coefficient  Z45  (=  decreases 

R\7>S 

with  increasing  DSDMA  OH  concentrations  be¬ 
tween  0.005-0.05  M  under  the  same  salt  concen¬ 
tration.  Below  5  mM,  Z45  is  about  1.15,  but 
above  5  mM  DSDMA  OH,  large  values  are  ob- 
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served  in  the  presence  of  0.1  M  NaOH  or  0.25  M 
NaOH,  and  decreasing  by  increasing  the  surfac¬ 
tant  concentration.  Furthermore,  increases 

linearly  with  what  is  alsp  observed  for  the  most 
dilute  solution  of  DSDMA  OH  of  0.005  M.  The 
crossover  between  dilute  and  semi-dilute  solu¬ 
tions  of  DSDMA  OH,  as  seen  in  the  log-log  plots, 
is  related  to  the  strength  of  the  maximum  of  in¬ 
tensity.  Indeed,  for  long  thin  chains,  qRq<  1  is  not 
obeyed  over  the  whole  scattering  range  of  q  val¬ 
ues,  since  they  are  not  accessible  experimentally. 
Therefore,  for  a  fixed  q  value,  the  maximum  R 
appears  at  the  crossover  concentration  where 
To  overcome  this  difficulty,  R  was  ex¬ 
trapolated  to  ^  =  0  for  determining  the  overlap¬ 
ping  of  chains.  The  slope  was  determined  to  be 
-0.37  vs.  0.31  as  predicted  by  DesCloizeaux 
(equation  2)  [22].  The  experimental  data  for  the 
semi-dilute  range  of  DSDMA  OH  yield  a  slope  of 
-0.33  =  0.005  M).  The  decrease  of 

the  scattered  intensity,  R,  upon  increasing 
DSDMA  OH  concentration  in  the  range  studied 
can  be  attributed  to  the  decrease  in  correlation 
length  C  according  to  equation  (1 1),  which  is  also 
supported  by  the  q^  dependence  of  R.  Applying 
equation  (6)  we  calculate  a  radius  of  gyration  of 

o 

7?^  =  819  A.  Taking  virial  effects  into  considera¬ 
tion,  with  B2  =  5.4‘I  the  ex¬ 

trapolated  radius  of  gyration  becomes  /^  =  8 16  A. 
The  analysis  of  the  system  comprising  50  mM 
DSDMA  OH  in  0.25  M  NaOH  in  H2O  yields  a 

radius  of  gyration  of  800  A. 

The  DSDMA  OH  micelles  do  not  show  sig¬ 
nificant  polydispersity,  and  there  are  no  changes 
of  the  characteristic  length  of  this  system  as 
long  the  narrow  DSDMA  OH  concentration 
range  is  fixed.  However,  another  explanation  can 
well  be  a  interpenetration  of  the  DSDMA  OH 
micelles  resulting  in  a  new  characteristic  length,  C, 
which  is  independent  of  the  micelle  length,  rather 
than  polydispersity.  So  (!;  is  independent  of  the 
DSDMA  OH  micelle  length  with  no  overlapping 
of  micelle  size  vdth  DSDMA  OH  concentration, 
and  the  correlation  length  can  be  identified  with 


1.  Low  DSDMA  OH  concentrations 

/c  =  2.0-  }.86c*;  Cs  =  0.55-0J5M 

NaOH], 

Fig.  I  shows  a  plot  of  F  vs.  where  F  is  the 
average  decay  rate  (see  equations  6&7)  for  differ- 
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Fig.I .  Variation  of  ^  (cm^  •  s"^)  for  DSDMA  OH  solution  in  H2O  -  0.55  M  NaOH  at  different  surfactant  concen- 
trations:  (A)  Cdsdmaoh  =  2  mM  ( • ),  5  )J,M  (  A ),  20  fiM  (  x  ); 


(B)  IV  H2O-O.75  M  NaOH  at  different  surfactant  concentrations:  Cdsdmaoh  =  2  mM,  5  mM,  20  mM.  The  scatter¬ 
ing  vector  is  expressed  in  cm’* . 


ent  DSDMA  OH  concentrations.  The  values  of 
the  average  diffusion  coefficients  obtained  by  the 
cumulants  method  as  a  function  of  angle  in¬ 
creases  due  to  contributions  of  the  internal  modes 
for  DSDMA  OH  concentration  of 

c  =  2.0-  10”^M.  The  values  of  the  self-diffusion 
coefficients  can  be  obtained  from  the  intercepts  of 
Fig.I  and  the  particle  hydrodynamic  radius  Rh 
can  be  calculated  according  to  equation  (9). 
Within  experimental  error  the  DSDMA  OH  con¬ 
centration  dependence  on  the  translational  diffu¬ 
sion  coefficient  is  seen  in  a  log-log  plot  of  the 
cooperative  diffusion  coefficient  vs.  concentra¬ 
tion  of  DSDMA  OH  (Fig.2).  The  interesting  find¬ 
ing  is  the  concentration  dependence  of  DSDMA 
OH  on  D,  which  is  the  z-average  diffusion  coeffi¬ 
cient  at  concentration  C.  The  decrease  of  D  with  a 
decrease  in  concentration  of  DSDMA  OH  in  the 
range  of  2  -  30  mM  DSDMA  OH  in  the  presence 
of  0.5- 0.75  M  NaOH  is  associated  with  a  de¬ 
crease  of  C  according  to: 


D 


0.77 


'HoC 


(16) 


which  is  in  agreement  with  our  intensity  measure¬ 
ments.  Considering  DSDMA  OH  micelles  as  flex¬ 
ible  long-chain  macromolecules  in  solution,  as 
indicated  by  the  findings  shown  above,  infernal 
relaxation  processes  need  to  be  taken  into  ac¬ 
count.  These  processes  include  random  motions 
of  segments  of  the  chains  as  well  as  rotational 
diffusion  which  also  contributes  to  the  hne  width 
of  the  scattered  intensity  [26].  Analyzing  the  de¬ 
cay  spectra  according  to  equations  (9),  (11)  for  a 


Gaussian  coil  at  selected  angles  following  the  no¬ 
tations  of  Pecora  and  Perico  et  al.  [16,24],  we 
were  able  to  determine  the  first  internal  mode,  xi, 
with  reasonable  precision  at  angles  greater  than 
60®.  This  is  because  q^Rg-  1  at  ^  =  51®.  At  smaller 
angles,  only  one  peak  is  obtained  representing  the 
translational  diffusion  coefficient  terms.  By  in¬ 
creasing  the  magnitude  of  the  scattering  vector 
length,  a  second  peak  appears  at  a  faster  decay 
time  and  hence  smaller  in  apparent  size.  The 
proximity  of  the  image  peak  to  the  minor  peak 
causes  a  perturbation  on  the  peak  position  of  the 
minor  component  of  the  time  scale.  For  elimina¬ 
tion  of  this  drawback  we  divided  the  correlation 


1 0^  D  (cm^  •  s^) 


Fig.2.  Decay  time  distribution  function  at  different 
angles  obtained  through  the  Laplace  inversions  With 
CONTIN.  The  quantity  F  A(x)  has  been  plotted  to 
yield  an  equal  area  represent! on.  The  unsmoothed 
results  are  represented  showing  the  separation  be¬ 
tween  translational  diffusional  constribution  and  the 
peak  containing  the  constribution  from  internal 
modes  for  DSDMA  OH. 
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function  by  exp(-  qDt)  to  yield  a  «normalized» 
correlation  function.  By  applying  the  correct  lim¬ 
iting  value  for  D  as  obtained  through  Fig.l,  the 
contribution  from  the  internal  modes  can  be  re¬ 
tained  only  by  considering  a  single  coil  [25].  Ac¬ 
cording  to  equation  (9),  the  position  of  the  fast 
moving  peak  on  the  scale  corresponds  then  to 
both  the  diffusional  and  internal  mode  contribu¬ 
tions  of  At  small  scattering  angles,  e.g. 

qRg<\,  the  translation  diffusion  coefficient  is  the 

only  contribution  to  so  the  correlation  func¬ 
tion  decays  approximately  as  a  single  exponen¬ 
tial.  However,  when  qRq  becomes  larger  with 
increasing  angle  {qRq=  1.82-2.10),  the  internal 
normal  modes  will  contribute  to  the  coiTelation 
function,  so  it  becomes  multi-exponential.  The  in¬ 
crease  in  the  average  diffusion  coefficient,  <Z)>z, 
with  scattering  angle,  also  shows  an  increase  in 
the  relative  variance,  namely  from  0.6-1.02,  in  the 
angular  range  of  30100°.  Furthermore,  when  the 
DSDMA  OH  concentration  increases,  the  vari¬ 
ance  <v>  of  the  correlation  function  decreases. 
This  is  in  accord  with  the  view  that  a  progressive 
interpenetration  of  the  flexible  chains  (micelles) 
occurs  which  indicates  that  the  diffusion  coeffi¬ 
cient  becomes  independent  of  the  internal  charac¬ 
teristics  of  the  micelle,  but  only  dependent  on  the 
average  distances  between  closest  chain  contact. 

The  experimental  data  have  been  prosecuted 
by  applying  a  double  exponential  expression  with 
a  fixed  Dvalue  which  is  related  to  the  slow^  relaxa¬ 
tion  rate,  Ts,  according  to  equation  (17): 

G^\f)  =  1  +  P  p,  •  c"  +Ap-  ■  e~  +  C|  ^ 

with  the  measured  correlation  function,  [3 

is  a  constant  which  accounts  for  the  deviations 
from  ideal  correlation,  and  C  is  the  base  line.  The 
variables  Ts  and  Tf  arc  the  relaxation  rates  of  the 
slow  and  fast  components,  respectively,  with  T^ 
reflecting  the  translational  mode,  and  T/  com¬ 
bines  the  fast  internal  modes  and.  the  diffusive 
component.  This  satisfies  equation  (9)  so  that 

7 

r/-rj=^--.  The  diffusion  coefficient  determined 

was  fixed  to  4. 1 1  •  10  cm  ■  s  as  measured  at 
small  angles.  Fig. 3  shows  angular  dependence  of 
the  fast  mode  amplitude  for  c  =  0.005 M  DSDMA 
OH.  The  average  ti  value  calculated  according  to 
equation  (17)  fit  the  measured  correlation 

function,  and  was  found  to  be  311  ps.  This  ob¬ 
tained  value  can  be  compared  with  the  one  com¬ 
puted  from  he  first  normal  mode  x\  for  a 


free-draining  coil  according  to  Rouse  and  Zimm 
[26,27]. 

Now  considering  different  interpretations  of 
<Z)>z,  Ti,  T2,  and  Rh,  e.g.  if  a  Gaussian  coil  has  o 
be  long  and  very  flexible.  Following  the  Fujima 
notation  for  flexible  macromolecules,  y*L>>l  with 
varying  degrees  of  flexibility,  the  flexibility  can  be 
expressed  in  terms  of  the  product  of  the  particle 
length,  y-L,  where  y  is  the  inverse  Kuhn  segment 
length,  Vy  -  21  with  /  the  persistence  length,  and  L 
is  the  length  of  the  macromolecule  in  solution. 
Taking  n  =  6020  as  the  apparent  aggregation 
number  for  DSDMA  OH,  for  a  spherical  micelle 
the  radius  of  the  hydrocarbon  core,  Rhc  would 
be: 


^HC- 


[HC 

471 


=  12.77  A 


with 

=  «[27.4  +  16,9(nQ  -  1^]  =  485-a? 


(18) 


(19) 


w^here  «^  =  18,  the  number  of  carbons  in  the 
chains.  For  a  cylinder  of  the  same  radius  we  cal¬ 
culate: 


'^'hc  '  ^ 

which  furnishes  us  with  a  value  of 

L(6020)  =  2498.9  A.  If  y-L=10,  for  a  Gaussian 
coil  where  minimum  flexibility  is  assumed,  then 

L  ° 

the  statistical  segment  length  of  /'=---  =  249.9  A 

yL 

is  obtained  with  n'  =  y  =  10.  The  radius  of  gyra¬ 
tion  of  such  Gaussian  coil  is  calculated  according 
to: 


(21) 


and  would  be  322.6  A.  This  is  much  more  smaller 

value  than  the  810  A  obtained  for  DSDMA  OH, 
indicating  that  a  Gaussian  coil  is  not  consistent 
with  the  experimental  data  obtained.  The  limit 
y-L»l  corresponds  to  a  completely  flexible  coil, 
and  would  agree  with  equation  (10)  for  the 
Rouse-Zirnm  model.  We  find  a  yL  value  of  9.9 
(10)  v/hich  indicates  that  the  coil  is  not  in  the 
extreme  limit  of  flexibiliby.  If  w^e  introduce  this 
values  into  he  Fujima  model  [28]  we  calculate 
Ti  =  596  ps.  This  is  much  lower  than  the  value  of 
31 1  ps  obtained  experimentally.  One  explanation 
for  this  discrepancy  is  that  we  are  dealing  with  a 
semi-dilute,  solution  so  the  overall  rotational  mo¬ 
tion,  which  is  related  to  xi,  is  suppressed.  The  xi 
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Fig. 3.  Relative  amplitudes  of  the  fast  components  as 
a  function  of  the  scattering  angle  (A)  at  c  =  0.005  M 
DSDMA  OH,  and  concentration  of  DSDMA  OH 
(B),  slow  component. 

value  observed  can  also  be  related  to  a  combina¬ 
tion  of  XI  and  X2  which,  for  a  flexible  rod,  is  of  the 
order  of  t2  =  100  ps.  In  addition,  the  xi  measured 
can  be  a  combination  of  xi  and  higher  terms  on 
the  time  scale  which  was  not  measured  experi¬ 
mentally.  However,  the  best  qualitative  descrip¬ 
tion  of  the  findings  in  this  particular  salt  region 
(0.55  -  0.75 M  NaCI)  in  the  concentration  range 

of  DSDMA  OH  (2.010"^Mto  1.010'^M, 

1.86  C*-3.72C*)  is  that  of  a  semi-dilute  polymer 
solution,  comprised  of  polymeric  chains  which 
are  not  at  the  extreme  limit  of  flexibility,  but  re¬ 
vealing  some  stiffness  of  the  hydrocarbon  chains. 


D.  Concentration  Dependence  of  DSDMA  OH 

The  correlation  functions  with  increasing  con¬ 
centration  of  DSDMA  OH  at  25  °C  in  absence  of 
salt  are  shown  in  Fig.3.  The  single-modal  distri¬ 
bution  is  seen  at  C  =  0.02  M  of  DSDMA  OH  and 
at  lower  concentrations,  also.  However,  by  in¬ 
creasing  the  surfactant  concentration  to  0.05  M,  a 
bimodal  distribution  is  seen.  Above  0.08  M 
DSDMA  OH,  gelation  began  which  became  stiff 
upon  increasing  DSDMA  OH  concentration  up 
to  0.1  M.  The  same  effect  can  be  achieved  by  add¬ 
ing  0.02  M  NaCI  to  a  0.05  M  DSDMA  OH  solu¬ 
tion  (25  ®C).  Fig. 4  depicts  the  angular 
dependence  of  the  fast  and  slow  peaks  for 
c  =  0.05M  DSDMA  OH  in  the  presence  of 
0.02  M  NaCI  which  is  almost  identical  in  the  pres¬ 
ence  of  0.01  M  NaCI.  Obviously  the  fast  compo- 

nent  is  dependent  on  q  which  is  in  accordance 
with  a  diffusive  behavior.  However,  the  slow 
component  is  independent  of  the  scattering  vec¬ 
tor,  q.  This  can  be  reconciled  in  view  of  a  struc¬ 
tural  relaxation  process  of  a  stabilized  polymeric 

network.  The  diffusive  q  dependent  fast  mode 
seems  to  be  temperature  independent,  when 
measured  in  the  range  of  25-35  ®C,  which  is  not 
the  case  for  the  slow  component.  Since  gelation 

appears  at  C2  =  0.08  M  which  is  above  C2  and  cor- 
—3 

responds  to  2.7- 10  M  surfactant,  one  can  inter¬ 
pret  the  diffusive  mode  with  increasing  DSDMA 
OH  concentration  as  a  net  of  entanglements  of 
extended  flexible  micellar  aggregates.  This  rea¬ 
soning  follows  the  interpretation  by  Candau  et  al. 
[29]  and  Imae  et  al.  [30]  for  solutions  of  cationic 
surfactants  at  high  concentrations.  The  concen¬ 
tration  dependence  of  the  dynamic  correlation 
length  from  the  fast  mode  conforms  to  the 
Stokes-Einstein  equation  (see  equation  (9)).  In 


i;  ioV  B  Tp-ioV 


Fig. 4.  Angular  dependence  of  the  fast  (  •  )  (A)  and  the  slow  peaks  (  x  )  for  20  mM  DSDMA  OH  in  H2O  0.02  M 
NaCI  (25^C)  or  0.02  M  NaOH  (B). 
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the  range  2535  and  0.02  M  salt  at  C2  =  0.08  M 
DSDMA  OH,  the  correlation  length,  was 
found  to  be  temperature  independent.  The  con¬ 
centration  exponent  was  found  to  be  -0.66,  which 
is  smaller  than  the  predicted  value  for  long  flex¬ 
ible  chains  in  semidilute  solutions  of  0.77  [11]. 
The  average  dynamic  correlation  length  (Q  is  of 

o 

the  order  of  677  A,  whereas  the  persistence  length 

o 

is  calculated  to  be  329  A.  Thus,  according  to 
equation  (3),  the  semi-dilute  solution  of  DSDMA 
OH  can  be  visualized  as  a  polymeric  net  v/ith  a 

o 

mesh  size  of  approximately  650-700  A,  which  de¬ 
creases  as  the  polymer  volume  fraction,  O,  in¬ 
creases.  The  crossover  volume  fraction,  O*,  (or  c* 
in  terms  of  concentration)  and  the  length,  can 
be  identified  with  Rg.  The  results  are  consistent 
with  those  obtained  by  LS. 

E.  DSDMA  OH  concentration  between  0.08  M 
and{^A5M 

We  observed  a  drastic  decrease  of  the  appar¬ 
ent  aggregation  number  of  DSDMA  OH  at  25 
at  surfactant  concentrations  above  0.08  M,  and 
the  presence  of  1.5  M  NaOH  or  1.5  M  NaCl  in 
H2O.  The  addition  of  NaOH  does  not  change  the 
picture,  nor  is  there  any  precipitation.  The  liigh 
salt  concentration  experiments  reveal  that  the  De¬ 
bye  length,  Xd,  can  be  approximated  by  the  addi¬ 
tion  of  salt,  and  interactions  betv/een  the 
DSDMA  OH  micelles  are  most  likely  strongly 
screened.  This  is  further  substantiated  by  the  con¬ 
centration  dependence  of  the  translational  diffu¬ 
sion  coefficient  upon  surfactant  concentration  at 
different  NaCi  concentrations  (1.0  to  2.0  M  NaC!) 
(Fig.5).  The  slope  of  the  line  in  Fig.  5  at  1.0  M 
NaCl  (25  °C)  is  almost  zero,  indicating  an  ap¬ 
proximately  balance  between  repulsive  and  at¬ 
tractive  forces.  The  extrapolated  value  of  the 
apparent  diffusion  coefficient  in  this  concentra¬ 
tion  range  of  DSDMA  OH  at  25  was  found  to 
be  (5.82+0.35)  10'^  cm^•s'^  This  corresponds  to  a 

o 

hydrodynamic  radius  of  Rh~  24.95  A,  and  an  ac¬ 
tual  frictional  ratio  of  1,11  assuming  a  partial 

specific  volume  of  0.819  mL  •  g”  *  as  measured  by 
densimetric  techniques.  The  value  determined 

from  theoretical  calculations  is  0.8 188  mL  ♦  g~  ^ 

The  DSDMA  OH  micelles  under  these  par¬ 
ticular  ionic  conditions  are  reasonable  well  de¬ 
scribed  by  a  hard-sphere  model  with  /Ci~7.9  and 
ko-  1.45  after  fitting  the  experimental  obtained 
diffusivity  data. 
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4,  Adsorption  of  DSDMA  OH  on 
solids 

There  have  been  only  few  studies  of  polyelec¬ 
trolyte  adsorption  at  charged  solid/solution  inter¬ 
faces  using  well-defined  systems.  For  DSDMA 
OH  or  Cr  there  are  no  experimental  data  avail¬ 
able.  Obvious  features  to  be  considered  in  the  ab¬ 
sorption  of  DSDMA  OH  are  the  charge  on  the 
cationic  surfactant,  the  charge  on  the  substrate 
surface,  and  the  conformation  of  DSDMA  OH 
within  the  aqueous  environraent  as  seen  in  the 
preceding  section.  At  high  ionic  strength,  these 
charge  effects  are  screened  out  due  to  micelhza- 
tion  of  DSDMA  OH,  and  the  system  behaves  es¬ 
sentially  as  neutral  polymers  or  micelles. 
Decreasing  ionic  strength  and  following  the  con¬ 
ditions  as  found  for  DSDMA  OH  is  akin  to  in¬ 
creasing  the  solvency.  This  opposes  strong 
adsorption  because  of  the  build-up  of  strong  in- 
tra-  and  intennolecular  repulsions  of  segments  of 
DSDMA  OH  in  loops  or  segment  tails.  Further¬ 
more,  strong  hydrophobic  contribution  to  the  ad- 
sorption  free  energy  in  addition  to  the 
electrostatic  attraction/repulsion  has  to  be  con¬ 
sidered  also.  Preliminary  results  for  the  adsorp¬ 
tion  processes  as  well  as  for  the  conformation  of 
DSDMA  OH  on  rutile,  Ti02,  and  kaolinite, 
Al2Si205(0H)4  are  obtained  at  25  ®C. 

A.  Inelastic  Light  Scattering, 

As  a  function  of  DSDMA  OH  concentration, 
ionic  strength  varied  between  by  0.005-0.1  M 
NaCl  as  a  function  of  particle  concentration 
(0.01-0.005  %)  of  rutile  or  kaolinite,  respectively. 
The  hydrodynamic  thickness  was  determined  in 
each  experiment.  The  thickness  has  been  calcu¬ 
lated  as  the  difference  in  the  radii  of  the  bare  and 


7  2  -1 

10  X  D  (cm  s  ) 


Fig.5.  Apparent  diffusion  coefficient  (Dapp)  for 
DSDMA  OH  as  a  function  of  DSDMA  OH  concen¬ 
tration  {c  =  0.08-0.015  M),  and  NaOH  concentration 
(1.0  M-  1.5  M)  at  298  K. 
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VOL.  FRACTION  [DSDMA  OH] 


- kaolinite 

-  rutile 


Fig. 6.  Segment  volume  fraction  profiles  for  DSDMA 
OH  on  rutile  or  kaolinite  at  different  ionic  strengths 
(20®C).  The  surface  excess,  rz)SDA/y<0/f)  resulting 
from  adsorption  on  surface  sites  equal  the  total  num¬ 
ber  of  surfactant  chains  comprised  in  one  layer  of 

thickness;  i?o;  Tdsdma  =  and 

a  a 

a  is  the  ideal  chain  radius. 


covered  inorganic  particles  through  equation  (7). 
Applying  the  different  conditions  as  disclosed  in 
the  preceding  section  for  DSDMA  OH,  we  can 
compare  the  determined  hydrodynamic  radii  di¬ 
rectly  with  the  values  obtained  in  solution. 
Within  the  concentration  range  of  DSDMA  OH 
of  Cl  =  (20-50)  •  10"^  M,  equivalent 

7.44  C2-- 18.6  d  where  d  =  ,  we  deter- 

47ci^|A^^ 

o 

mined  a  hydrodynamic  radius  of  200.0  A 
which  is  a  strong  indication  of  segments  occur¬ 
ring  in  extended  tails  which  are  highly  hydrated. 
There  is  apparently  no  difference  between  the 
two  substrates  used  in  the  adsorption  studies. 
For  the  negatively  charged  surface,  there  is  an 
initial  increase  in  the  thickness  of  DSDMA  OH 
on  increasing  DSDMA  OH  concentration  up  to 

o 

0.01  M  reaching  a  plateau  of  2.050  A.  In¬ 
creasing  the  ionic  strength  to  0.8-0. 1  M  NaCI, 
the  determined  hydrodynamic  thickness  is  of  the 

o 

order  of  »  50 -60  A.  This  would  tend  to  favor 
the  formation  of  an  extended  layer  at  low  ionic 
strength  of  DSDMA  OH,  but  it  seems  to  be  off¬ 
set  at  high  ionic  strength  due  to  formation  of 
«micellar»  aggregates  at  the  surface,  or  by  the 
coil  concentration  due  to  the  reduction  in  the 
intrachain  repulsion  of  DSDMA  OH  coils.  Fur¬ 
thermore,  the  transition  of  DSDMA  OH  of  long 
flexible  entangled  micelles  to  spherical  micelles 


of  diameter  of  60  A  is  reversible  by  changing  the 
surfactant  or  salt  concentration  which  is  seen  on 
the  solid  surfaces  also.  The  only  difference  of  the 
behavior  of  DSDMA  OH  on  these  inorganic  sur¬ 
faces  is  the  pH  dependent  decrease  of  the  CMC 
on  either  hydrophilic  (as  shown  here)  and  the 
hydrophobic  surfaces. 

B.  X-ray  reflectivity  Measurement. 

Very  preliminary  results  are  obtained  for 
DSDMA  OH  an  kaolinite  surface  as  substrate. 
The  1(h)  data  are  analyzed  according  to  equation 
(26): 

00 

1(h)  =  4lJ  e’’^p(z)dz\^  +  B  (26) 

f’  0 

with  h  =  4n/X  sin  9/2,  X  =  1 .54  A,  0  -  scattering 
angle,  ^  is  a  constant  related  to  the  bare 
koalinite  radius  and  the  adsorbed  amount  of 
DSDMA  OH,  and  B  a  constant  (incoherent 
background)  [31].  p(2)  has  been  evaluated  as  de¬ 
scribed  in  [32].  The  p(2)  for  DSDMA  OH  on 
kaolinite  particles  under  conditions  of 

C2  =~  25  •  10'^  M  (=  7.40  Cl)  or  at  salt  concentra¬ 
tions  of  0  =  0.40-0.51  M  NaCI)  shows  profiles 
reflecting  a  hydrated  flat  conformation  with  p(2) 

o 

falling  rapidly  to  a  value  of  210.0  A.  This  can 
also  be.interpreted  as  evidence  for  entangled  tails 
of  DSDMA  OH  (Fig. 6).  Furthermore,  the  p(2) 
profiles  for  DSDMA  OH  demonstrate  a  similar 
adsorption  behavior  as  determined  by  QLS.  The 
shape  profiles  suggest  strongly  upon  changing 
the  ionic  strength  (or  the  DSDMA  OH  concen¬ 
tration)  that  on  the  kaolinite  surface  the  entan¬ 
glement  ("loop”)  of  DSDMA  OH  is  seen  within 
narrow  ci  and  ionic  strength,  respectively.  In¬ 
creasing  the  ionic  strength  from  0.8  to  1.1  M,  the 

o 

p(2)  decreases  to  values  of  approx.  60-70  A. 
Again,  the  intersegment  al  and  electrostatic  re- 
pultions  that  occur  in  the  entanglement  are  sup¬ 
pressed  at  higher  ionic  strength.  The  larger 
adsorbed  amounts  with  increasing  ionic  strength 
or  C2  (DSDMA  OH)  is  also  consistent  with  these 
findings.  Additional  information  of  DSDMA 
OH  orientation  on  hydrated  and  dehydrated  sur¬ 
faces  are  obtained  from  Landmuir-Blodgett  films 
of  DSDMA  OH  at  1.2  M  NaCI  (25  "C).  For  films 
of  five  and  more  layers  we  were  able  to  distinguish 
peaks  that  are  (001)  Bragg  peaks  corresponding  to  a 

o 

unit  cell  spacing  of  54.8  A.  Furthermore,  the  con¬ 
clusion  that  the  Ci8  chains  are  nearly  perpendicular 
to  the  surface  of  the  kaolinite  follows  the  fact  that 
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o 

D  -  54.8  to  -56. 5A  (dependent  on  the  degree  of 
hydration)  is  close  to  the  estimated  length  of  the 

molecule,  50.451.8  A  including  the  hydroxyl 
which  is  located  at  the  outer  surface,  approx. 

-48.049.0  A.  This  finding  is  supported  by  surface 
IR-measurements  revealing  that  the  chains  of  Ci8 
are  perpendicular  to  the  surface,  and  are  also  in 
extended  conformation.  However,  upon  drying  a 
different  pattern  is  to  be  seen  which  is  reversible 
upon  addition  of  H2O.  One  possible  explanation 
is  that  the  sorbed  DSDMA  OH  move  apart  upon 
drying  due  to  the  repulsive  interactions  of  the  po¬ 
lar  cationic  head  groups  which  are  less  well 
shielded  as  water  being  removed.  In  the  wet  stage, 
the  CH2  chain  form  an  aggregate  structure  due  to 
favorable  hydrophobic  interaction,  dependent  on 
C2,  r,  ionic  strength  and  the  nature  of  the  sub¬ 
strate  also.  Steric  interactions  between  DSDMA 
residues  also  occur  when  particles  have  been  an 
absorbed  layer  depending  on  the  conformation  of 
the  adsorbed  molecules  and  substrate.  Repulsive 
effects  can  be  in  part  arise  from  a  loss  of  configu¬ 
rational  entropy  of  flexible  segments  on  the  ap¬ 
proach  of  another  surface,  particularly  using 
fabrics,  or  a  metal  surface,  metal  oxides.  As  a 
result,  the  volume  available  for  the  absorbed  flex¬ 
ible  chains  on  the  surface  becomes  restricted  lead¬ 
ing  to  a  loss  of  configurational  entropy.  This 
effect  is  referred  to  as  the  volume  restriction  ef¬ 
fect. 

4.  Conclusion 

The  DSDMA  OH  is  highly  soluble  in  water 

o 

forming  spherical  vesicles  of  size  Rh  =  300  A  and 
does  not  flocculate  upon  addition  of  salt.  The 
DSDMA  OH  vesicles  revert  to  micelles  with  in¬ 
creasing  surfactant  concentration  having  an  ag¬ 
gregation  number  of  approximately  60.  The  same 
aggregation  number  for  the  hydroxide  can  be  ob¬ 
tained  by  raising  the  salt  concentration  to  1.0- 
2.0  M  NaCI  keeping  the  surfactant  concentration 
constant.  In  the  overlapping  range  with  respect  to 
DSDMA  OH  and  salt  concentrations,  the  appro¬ 
priate  hydrodynamic  description  is  that  of 
thread-like  micelles.  In  dilute  DSDMA  OH  and  in 
the  presence  of  0.01  M  NaCI  solutions,  the  first 
normal  mode  of  the  chains  (xi-value)  supports  the 
free-draining  Zimm  model  when  compared  to 
theoretical  calculations.  At  semi-dilute  surfactant 
concentrations  and  low  salt  concentrations,  the 
decay  time  distribution  is  bimodal  with  two  well 
separated  components  on  the  inelastic  time  scale. 

The  faster  dependent  component  is  due  to  co¬ 
operative  motions  of  a  transient  network  being 


formed  through  the  interchain  entanglements. 
The  slow  q  independent  component  is  of  large 
amphtude  and  reflects  the  disruption/coalescence 
kinetics  of  the  micellar  aggregates  which  are  char¬ 
acterized  by  a  strong  positive  concentration  de¬ 
pendence  of  the  obtained  relaxation  rate.  The 
relaxation  time  decreases  with  increasing  concen¬ 
trations  of  salt  (NaCI)  and  DSDMA  OH.  The  re¬ 
sult  obtained  for  DSDMA  OH  can  be  interpreted 
according  to  theories  of  solutions  of  long  flexible 
polymer  chains  within  the  semi-dilute  concentra¬ 
tion  range  where  the  DSDMA  OH  polymer  coils 
overlap  by  forming  a  network  of  mesh  size 

(!^  =  815  A.  This  has  been  found  for  DSDMA  OH 
in  the  concentration  range  of 

C2  =  (20-50)-10‘^  M  (7.44  c2-  18.6  C2)  or  at  low 
surfactant  concentrations  (2.0  •  10'^  M,  7.44-  C2) 
and  salt  concentrations  Cj  =  0.55  -  0.75  M  NaOH 
or  NaCI.  Above  DSDMA  OH  concentrations  of 
0.08  M,  the  aggregation  number  decreased  to  61, 
leaving  micelles  of  hydrodynamic  radius  of 

25.0  A  which  are  stable  at  high  salt  concentra¬ 
tions.  The  transition  of  DSDMA  OH  vesicles  to 
long  flexible  entangled  micelles  to  spherical 

o 

micelles  of  diameter  50  A  is  reversible  by  chang¬ 
ing  the  surfactant  or  salt  concentration.  These  re¬ 
sults  strongly  support  a  model  of  long  flexible 
entangled  DSDMA  OH  micelles  in  aqueous  solu¬ 
tions  as  an  important  intermediate  in  microbial 
transformation  [33]. 

The  results  obtained  for  DSDMA  OH  in  solu¬ 
tion  can  be  compared  to  studies  on  solids,  e.g. 
rutile  and  kaolinite,  revealing  a  lowering  of  the 
CMC  upon  sorption  imparting  a  less  hydrophilic 
surface  of  the  substrates  studied.  However,  the 
different  conformations  of  DSDMA  OH  upon 
adsoq^tion  to  the  substrates  can  be  detected  refer¬ 
ring  to  entanglements  at  medium  ionic  strength 
and  the  semidilute  regime,  and  compact  micellar 
arrangements  at  high  salt  (1.0  M  NaCI)  and  high 
DSDMA  OH  concentrations. 

Acknowledgment:  H.H.Paradies  and  M.Thies 
would  like  to  acknowledge  the  support  of  the 
BRITE-EURAM-Program  #4088  and  U.Hinze 
for  valuable  discussions. 

References 

1.  JAppell,  G. Forte,  Europhys.  Lett,  12,  185  (1990). 

2.  SJ.Candau,  F.Merikhi,  G.Walton,  P.J.Lemarechal, 
J.Phys,  (Paris),  51,  977  (1990). 

3.  H.Rehage,  H.Hoffmann,  J.  Phys.  Chem.,  92,  4217 
(1988). 

4.  M.E. Cates,  J.  Phys.  Chem.,  94,  371  (1990);  T.Imae, 
S.Ikeda,  J.  Phys.  Chem.,  90,  5216  (1986). 


100 


Functional  materials,  2,  1,  1995 


M  Thies  et  al.  /Internal  chain  dynamics ... 


5.  H.H.Paradies,  S.F.Clancy,  J.G.Fuller,  manuscript  in 
preparation,  1994. 

6.  Y.Talmon,  D.F.Evans,  B.W.Ninham,  Science,  221, 
1047(1983). 

7.  S.Hashimodo,  J.K.Thomas,  D,F.Evans,  et  dX.J. Colloid 
Interface  Set,  95,  594  (1983). 

8.  J.F.Brady,  D.F.Evans,  G.G.Warr,  et  al.,J.Phys.Chem., 
90,  1853(1986). 

9.  H.H.Paradies, y4«ge>v.C/iem.,  94, 793  (1982); 

H.H.Paradies,  Angew.Chem.Supplement,  1 670-1 98 1 
(1982);  R.G.Laughlin,  R.L.Munyon,  Y.-C.Fu, 
J.TEmgQ,J.Phys.Chem.,  95,  3852  (1991);  R.G.Laugh- 
lin,  R.L.Munyon,  Y.-C.Fu,  A.¥Gbl,J.Phys.Chem,,  94, 
2546  (1990);  H.H.Paradies,  90,  5956 

(1986);  B.UParadiGS,Medicinale,  14,  1  (1984). 

10.  S.F.Clancy,  P.RSteiger,  D.A.Tanner,  at  al., 
J.Phys.Chem.,  98,  (1994)  in  press. 

1 1 .  P.G.DeGennes,  Scaling  Concepts  in  Polymer  Physics, 
Cornell  University  Press,  Ithaca,  N.Y.  (1979). 

12.  S.  J.Candau,  E.Hirsch,  R.Zana,  J.  Colloid  Interface 
5ci.,  105,  521  (1985). 

13.  J.Prost,  F.Rondelez,  Nature,  Supplement,  350, 1 1 
(1991);  J.  P.YXory,  Principles  of  Polymer  Chemistry, 
Cornell  University  Press,  Ithaca,  N..Y.  (1953). 

14.  C.Quivolan,  Chimii  Macromoleculaire  II,  Chapter  HI, 
p.l  17,  Hermann,  Paris  (1972). 

15.  W.Burchard,  M. Schmidt,  W.H.Stockmeyer,M3tcro- 

13,  580  (1980). 

16.  ¥iPQCOxei,J.Phys.Chem.,  45,  1562  (1965). 

17.  T.Maeda,  Macromolecules,  14,  809  (1981). 

18.  RA.Harris,  J.EHearst,  44, 2595  (1966). 


19.  K.S.  Schmitz,  Introduction  to  Dynamic  Light  Scattering 
by  Macromolecules,  Academic  Press,  Inc.,  Boston,  San 
Diego,  New  York,  205-249  ( 1 990). 

20.  G.K.Batchelor,  131,  155  (1983). 

21.  B.U.Felderhof,  J.F/iv5.C/igw.,  11,  929  (1978). 

22.  J.Des  Cloizeaux,  36, 281  (1975). 

23.  S.W.Provencher,A/a/crowo/.C/?em.,  180, 201  (1979); 
S.W.Provencher,  J.Hendrix,  L.Detiayer, 
69,4273(1970). 

24.  A.Flamberg,  P.Pecoxdi,J.Phys.Chem.,  88,  3026  (1984). 

25.  T.Nicolai,  W.Brown,  R.M. Johnson,  MIMacro- 
molecules,  22, 2795  (1989). 

26.  P.¥Ro\x^,J.Phys.Chem.,l\,  1272  (1955). 

27.  B.YiZrrmi,J.Phys.Chem.,  24, 269  (1956). 

28.  S.Fujima,  M.Mamyama,  6, 237 

(1973). 

29.  S.  J.Candau,  E.Hirsch,  R.Zana,  MA63m,J, Colloid  In¬ 
terface  ScL,  122, 430  (1982). 

30-  T.imae,  R.Kamiya,  Slkedsi,J.Colloid Interface  Sci., 
108,215(1985). 

31.  J.Als  Nielsen,  P/*>^5/ca,  1497, 376  (1 974). 

32.  T.Cosgrove,  T.L.Crowley,  B. Vincent,  et  d\., Faraday 
Symp. Chem.Soc,  ,  16, 10 1  ( 1 98 1 ). 

33.  S.F.Clancy,  D.A.Tanner,  M.Thies,  H.H.Paradies,  San 
Francisco,  CA,  203 Yd  National  Meeting  of  the  Ameri¬ 
can  Chemical  Society,  32(1),  907  (1992);  S.F.Clancy, 
D.A.Tanner,  Extended  Abstracts  Division  of  Environ¬ 
mental  Chemistry,  Atlanta,  GA,  201  ’st  National  Meet¬ 
ing  of  the  American  Chemical  Society,  31(1),  1 17 
(1991);  S.F.Clancy,  DA.Tanner,  M. Thies, 
H.H.Paradies,  submitted  to  Science  (1994). 


/tHHaMHKa  BHyrpeHHHx  ueneii  b  noJiHMepono.zio6Hbix  riiApoKCii.zie 
.ancTeapHJiAHivieTiiJiaivfMOHiin  (DSDMA  OH)  h  hx  BsaHMOACHCTBue 

C  nOBepXHOCTHMH 

MHxasjib  Th3,  renpHX  F.IIapaAHa,  IIIoh  O.KaaHCH 


noApo6HbiH  (i)H3HHecKHH  aHajiH3  AaHHbix,  nojiyMCHHbix  npH  aKcnepHMCHTax  no  craTHMecKOMy  (LS) 
H  AHHaMHuecKOMy  cBeTopacceflHHK)  (QLS)  na  nojiHMeponoAo6Hbix  MHqejiJiax  DSDMA  OH, 
noAKpenJieHHbiH  pe3yjibTaTaMH  H3MepeHHH  MajioyrjioBoro  peHTrenoBCKoro  pacceKHHfl  (SAXS). 
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Ion  exchange  processes  on  synthetic  carbons 

A.M.Puziy,  T.M.Mironyuk,  N.T.Kartel  and  I.P.Khanasyuk 

Institute  for  Sorption  and  Problems  of  Endoecology, 

32/34  Palladin  Ave.,  252142  Kiev,  Ukraine 

The  process  of  copper  adsorption  on  synthetic  oxidized  carbons  with  various  structure  of  matrix  is 
investigated.  The  carbons  involved  have  been  obtained  by  carbonization  of  styrene-divinylbenzene 
precursor  at  various  temperatures  (400-1 100  ‘')C  with  subsequent  oxidation  by  nitric  acid.  The  structure 
of  cai'bon  matrix  was  studied  using  electrical  resistance  measurements  and  ESR  method.  It  has  been  shown 
that  ion  exchange  properties  of  synthetic  oxidized  carbons  depend  heavily  on  the  structure  of  carbon 
matrix.  Three  mechanisms  of  copper  adsorption  are  recognized  depending  on  quantity  of  spin  electrons 
in  carbon  matrix  and  its  electrical  resistance. 

Bhbhcho  npoqec  a;icop6qii  ioniB  Mi/ti  na  CHHTexHHHOMy  OKHCJienoMy  ByriJiJii  3  piiHHMH 
BJiacTHBocT5iMH  ByFJieqeBO!  MaxpHqi.  SpasKH  Byrijiim  oqep}KaHo  Kap6oHi3aqieio  cxHpoji- 
AHBiHijT6eH30JibHoro  cnisnojiiMepa  jxo  pi3HHX  xeMnepaxyp  (400  -  1100  °C)  3  HacrynnuM  okhcjichiwm 
a3oxHOio  KHCJioxoK).  CxpyKxypa  ByrjieqeBoi  Maxpnqi  6yjia  BHBHena  no  ejieicrponpoBi^tHOCxi  xa  mcxoaom 
EIIP.  rioKasaHO,  iqo  ioHooGMinni  BjiacxHBOcxi  cnHxexHHHoro  okhcjichofo  Byrijum  cHJibHO  3ajie^axfa  bw 
cxpyKxypH  ByrjieqeBoi  Maxpnqi.  BcxanoBJieKo  xpn  piannx  MexanisMU  a;icop6qii  ioHOB  M^i  b  3ajie)KHOcxi 
Bin  KijibKOCxi  HecnapcHHX  ejieKxponiB  y  Maxpnqi  xa  n  ejieKxpHHHoro  onopy. 


Introduction 

Active  carbons  find  a  widespread  use  in  vari¬ 
ous  processes  for  their  unique  properties  (ther¬ 
mal,  chemical  and  radiation  stability,  low  swell, 
high  adsorptive  capacity)  [1].  In  presence  of  oxy¬ 
gen  (air),  active  carbons  acquire  positive  charge 
and  can  exchange  anions  in  water  solutions.  Un¬ 
like  active  carbons,  the  oxidized  carbons  have  the 
ability  to  exchange  cations  due  to  presence  of  sur¬ 
face  functional  groups  [2].  Ion  exchange  behav¬ 
iour  of  such  adsorbents  depends  on  the  properties 
of  matrix  to  where  surface  functional  groups  are 
attached.  This  paper  deals  with  the  peculiarities 
of  ion  exchange  on  synthetic  carbons  having  vari¬ 
ous  structure  of  matrix. 

Experimental 

Synthetic  active  carbons  were  prepared  by 
carbonization  of  porous  styrene-divinylbenzene 
precursor  (10%  DVB)  at  various  temperatures 
ranging  from  400  to  1100  °C  [3].  Then  carbons 
were  oxidized  with  boiling  20%  nitric  acid  during 
5  hours  and  washed  with  water.  Resistance  was 


measured  on  powdered  carbons  using  alternative 
current  (10  KHz)  and  constant  pressure.  ESR  sig¬ 
nal  was  measured  in  air  at  3  cm  radiation  using 
SEPR-03  apparatus  (St. Petersburg). 

Results  and  discussion 

Resistance  of  active  carbons  depends  critically 
on  the  treatment  temperature  (Fig.l).  As  thz  tem¬ 
perature  increases,  the  resistance  drops  sharply 
within  the  600-700  °C  range.  What  this  means  is  a 
structural  transformation  occurs  when  copolymer 
is  pyrolysed.  Conductance  of  carbons  is  due 
mainly  to  x-electrons  displacement  over  the 
polyaromatic  chain  through  the  conjugated 
bonds.Low-temperature  carbons  though  contain 
conductive  domains,  however,  these  are  separated 
from  each  other  by  insulating  layers  of  uncom- 
pletely  carbonized  hydrocarbons.  These  com¬ 
pounds  burn  away  further  as  temperature 
increases.  As  this  takes  place,  the  structure  of 
carbon  matrix  is  ordered,  the  graphite-like  do¬ 
mains  come  directly  into  contact  to  form  unified 
conjugated  system  of  electrons.  Because  of  this, 
the  sharp  fall  in  resistivity  at  600-700  °C  is  ob- 
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Fig.l .  Dependence  of  resistance  on  temperature  heat 
treatment  of  styrene  divinylbenzene  copolimer. 

served.  This  hypothetical  scheme  is  supported  by 
ESR  measurements  (Fig.2).  At  the  carbonization 
of  styrene-divinylbenzene  copolymer,  ESR  signal 
at  first  increases  indicating  the  breaking  of  bonds 
to  yield  the  unpaired  electron.  Further  increasing 
of  temperature  cause  the  spin  electrons  to  de¬ 
crease  by  recombination  of  carbon  fragments  to 
large  condensed  aromatic  domains.  Above  700- 
800  ®C,  carbon  matrix  is  so  conductive  that  ESR 
signal  disappears,  probably  because  of  broaden¬ 
ing  the  signal. 

This  is  indirectly  supported  by  changes  in 
catalytic  properties  of  active  carbons  in  red-ox 
reaction  In  such  systems,  the  catalytic  activity 
depends  heavily  on  the  presence  of  virtually  delo¬ 
calized  TT-electrons  in  carbon  crystallites  which 
can  move  freely  through  system  of  conjugated 
bonds  and  makes  carbons  an  active  catalyst  [4]. 
With  the  rise  of  temperature,  the  reactions  of  hy- 


Table.  Distribution  of  surface  functional  groups  on 
synthetic  active  carbons  having  various  temperature 
heat  treatment. 


remperatur( 

j  Total 

Strong  acid 

Weak  acid 

Phenolic 

400 

3.65 

- 

- 

- 

500 

2.5 

1.1 

0.7 

0.7 

600 

2.3 

1.0 

0.7 

0.6 

700 

2.2 

0.9 

0.7 

0.6 

800 

2.0 

0.8 

0.7 

0.5 

900 

1.95 

- 

- 

- 

1000 

1.6 

0.6 

0.7 

0.3 

1100 

1.55 

- 

0.7 

- 

Fig.2.  Dependence  of  ESR  spectra  parameters  (inten¬ 
sity  and  width)  on  the  heat  treatment  temperature  of 
styrene-  divinylbenzene  copolimer. 


drogen  peroxide  decomposition  and  cumene  oxi¬ 
dation  show  an  increase  in  velocity  (Fig.3).  This 
action  is  to  account  for  the  increase  of  electron 
donative  ability  (namely  electron  transfer  from 
carbon  surface  to  the  substrate  molecules)  of  car¬ 
bons  due  to  enhancement  of  conjugated  area  as 
the  heat  treatment  temperature  increases. 

Being  oxidized  in  the  same  conditions,  syn¬ 
thetic  carbons  have  different  total  ion  exchange 
capacity  and  distribution  of  surface  functional 
groups  (Table).  This  fact  is  caused  by  distinctions 
in  reactivity  of  carbons  towards  nitric  acid.  The* 
ability  of  carbons  to  react  with  nitric  acid  gradu¬ 
ally  decreases  as  the  temperature  of  heat  treat¬ 
ment  increases.  Low- temperature  carbons  are 
chemically  similar  to  aromatic  compounds 
whereas  high  temperature  carbons  are  similar  to 
glassy  carbon.  Despite  the  steady  decrease  in*  total 
exchange  capacity  as  temperature  is  increased, 


Fig,3.  Dependence  of  catalytic  activity  in  H2O2  de¬ 
composition  and  cumene  oxidation  on  the  heat  treat¬ 
ment  temperature  of  styrene-divinylbenzene 
copolimer. 
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Fig. 4.  Dependence  of  cooper  adsorption  without  and 
in  presence  of  large  amount  os  sodium  ions  (1:100) 
on  the  heat  treatment  temperature  of  styrene- 
divinylbenzene  copolimer. 

the  adsorption  of  copper  decreases  only  in  early 
stage  of  carbonization  (Fig.4).  Then  the  adsorp¬ 
tion  increases  and,  for  high  temperature  carbons, 
exceeds  the  total  exchange  capacity  (Fig.5).  Tem¬ 
perature  dependence  of  ESR  signal  from  ad¬ 
sorbed  copper  (Fig.6)  has  analogous  run  up  to 
700  ""C.  Thereafter,  ESR  signal  decreases  heavily 
probably  due  to  reduction  of  Cu(II)  to  Cu(I).  The 
data  obtained  indicate  the  changes  in  mecha¬ 
nism  of  copper  adsorption  on  oxidized  carbons 
having  various  structure.  Three  stages  of  mecha¬ 
nism  of  copper  adsorption  may  be  recognized. 

I.  400-500  X.  Adsorption  of  copper  is  due  to 
ion  exchange  on  surface  functional  groups  at¬ 
tached  to  non-conductive  carbon  matrix.  At  this 
stage,  the  ion  exchange  mechanism  like  to  that  on 
cation  exchange  resins  is  observed. 

II.  500-700  °C.  Despite  decreasing  of  the  total 
exchange  capacity,  the  increasing  copper  adsorp¬ 
tion  is  due  to  changes  in  quaUty  of  surface  func¬ 
tional  groups  attached  to  conductive  carbon 
matrix. One  conceivable  reason  for  this  increasing 
is  formation  of  complex  with  charge  transfer 
from  carbon  surface  to  adsorbed  copper, 

III.  700-1100  ®C.  Further  increasing  of  copper 
adsorption  is  due  to  full  electron  transfer  from 
carbon  surface  to  adsorbedcopper  yielding 
Cu(I). 

Conclusions 

Ion  exchange  properties  of  synthetic  carbons 
depends  heavily  on  structure  of  carbon  matrix, 


Fig.5.  Dependence  of  filling  of  total  exchange  capac¬ 
ity  on  the  heat  treatment  temperature  of  styrene- 
divinylbenzene  copolimer. 


Fig.6.  Dependence  of  ESR  signal  from  adsorbed  coo¬ 
per  on  the  heat  treatment  temperature  of  styrene- 
divinylbenzene  copolimer. 


particularly  on  electron  conductivity.  Three 
stages  of  cations  exchanges  of  copper  is  recog¬ 
nized  depending  on  quantity  of  spin  electrons  in 
carbon  matrix  and  its  electrical  resistance. 
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MoHOoGivieHHbie  npoueccu  na  cHHrexHHecKHx  yrjiax 


A.M.ny3HH,  T.H.MnpoHiOK,  H.T.KapTejib,  H.n.XaHacioK 

HccjieflOBaH  npouecc  aflcop6uHH  hohob  Mean  na  cHHxerHHecKHX  OKHOieHHbix  yrjwx  c  pasjiHHHbiMH 
CBoiicTBaMH  yrJiepOAHOH  MaTpHUbi.  06pa3Ubi  yrJieK  nojiynaaM  KapGoHHsauHefi  CTHpoa- 
flHBHHHJi6eH30JibHoro  conojTHMepa  ao  pa3aHHHbix  xeMnepaxyp  (400-1100  °C)  c  nocaeayioiaHM 
OKHcaeHHeM  axoxHOH  KHcaoxoH.  CxpyKxypa  yraepoaHoii  MaxpHUbi  HsyHena  no  aaeicxponpoBoaHocxH  h 
MeroaoM  3nP.  IIoKasaHO,  4xo  HOHOoOMeHHbie  CBoflcxBa  cHHxexHiecKHX  oKHCJieHHWX  yraeii  cnabHo 
3aBHcax  ox  cbohcxb  yraepoanoH  MaxpHiiw.  ycxaHOBaeubi  xpn  paaaHHHWx  MexaHH3Ma  aacop6uHH 
HOHOB  Mean  b  3aBHCHMOCxH  OX  KonHMecxBa  HecnapeHHbix  saeKxpoHOB  b  Maxpnue  h  ee  aaeKxpHMCcKoro 
COnpOXHBJieHHB. 
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Enamine-metal  complexes  immobilized 
on  the  silica  surface 


V.V.  Antoschuk,  A.A.Golub  and  A.B.  Lusenko 


T.Shevchenko  Kiev  University,  60  Vladimirskaya  St.,  252001  Kiev,  Ukraine 

A  number  of  Schiff  bases  immobilized. on  the  silica  surface  has  been  synthesized.  The  individuality  of 
compounds  obtained  has  been  proved  with  the  help  of  physical  and  physico-chemical  methods.  The 
adsorbtion  properties  of  obtain^  carriers  with  respect  to  Nr  ,  and  have  been 

studied.  The  structure  and  composition  of  forming  complexes  have  been  researched  with  different 
spectroscopic  methods.  It  has  been  shown  that,  for  copper  and  cobalt,  pseudo-tetrahedral  sun’oundings 
are  primarily  realized  with  immobilized  ligands.  Square-pyramidal  structures  are  observed  for  and 
nickel  is  adsorbed  in  square-planar  positions. 


CHHxesoBaHO  p5m  iMMo6iJii30BaHHX  Ha  noBepxni  aepocHJiy  ochob  lllH(})4)a.  3a  AonoMoroio  (f)i3HHHHx  xa 
(J)i3HKO-xiMiHHHX  MeTomB  jxoBQ^mo  iuoHBi/^yajiLHicTb  oTpHMaHHX  cnojiw.  Bhbhcho  cop6qiHHy  3naTHicrb 
OTpHMaHHx  HociiB  HO  Bi^qouicHHio  ^o  KaxioHiB  Zn^’*'  xa  CneKxpocKoniHHHMH 

MexoqaMH  /locjii/pKeHO  GyqoBy  xa  CKJiaj^  KOMnneKciB,  mo  yxBopioioxbCJi.  noKa3aHO,  iqo  Mi^i  Ta  Ko6aJTfaxy, 
3  iMMo6ijii30BaHHMH  JiipaH^faMH,  peam3yGTbC5i  nepeBa>KHO  nceBqoxexpae/tpHHHe  oxoHeHH5i.  Banamuiy 
cnocxepiraKyrbca  KBa/qDaxHO-nipaMiqajibHi  cxpyKxypH,  a  Hkeiib  copdyexbCH  b  njiouuHHHO-KBajipaxHi  no3HqiL 


Studies  involving  the  immobilization  of  or¬ 
ganic  compounds  and  chelating  groups  became 
an  ongoing  area  of  active  research.  Much  atten¬ 
tion  has  been  devoted  to  structural  and  spectro¬ 
scopic  studies  of  immobihzed  compounds,  Schiff 
base  complexes  are  of  interest  as  model  com¬ 
pounds  for  the  understanding  the  processes  of  ad¬ 
sorbtion.  Major  topics  of  the  investigation  have 
included  Schiff  bases  immobilization  on  the  silica 
surfaces,  investigation  of  their  adsorbtion  proper¬ 
ties  and  structure  of  complexes  formed. 

In  this  contribution  we  report  on  our  studies 
involving  the  synthesis  and  investigation  of  im¬ 
mobilized  ligands  and  complexes  thereof  with 
metal  ions.  Some  immobilized  Schiff  bases  were 
synthesized  represented  on  Fig.l.  A  general 
preparation  method  for  the  immobilized  ligands 
is  described  below. 

Information  about  the  structure  of  the  prod¬ 
ucts  prepared  be  several  synthetic  methods  was 
obtained  from  IR  spectroscopy,  electronic  ab¬ 
sorption  spectroscopy,  electron  paramagnetic 
resonance  spectroscopy,  elemental  and  thermo- 
gravimetric  analyses. 


The  IR  spectra  of  all  immobilized  ligands  and 
complexes  were  recorded  in  the  solid  phase  as 
thin  films  between  KBr  discs  on  the  UR- 10, 
UR-20  spectrometers. 

UV  spectra  were  obtained  with  Specord  M-40 
as  diffusion  reflectance  ones. 

FSR  spectra  of  solid  samples  are  recorded  at 
room  temperature  on  the  PS.  100  X  spectrometer. 

Ail  starting  materials  and  solvents  were  ob¬ 
tained  from  commercial  sources  and  used  with 
further  purification  (recrystallization  of  alde¬ 
hydes  and  ketones,  drying  and  cleaning  of  or¬ 
ganic  solvents  for  the  synthesis).  Immobilized 
amines  were  prepared  according  to  standard 
method  by  reacting  silica  gel  with  y-aminopropyl- 
triethoxysilane  or  N-P-aminoethyl-Y-amino- 
propyltriethoxysilane.  All  Schiff  bases  were  made 
by  stirring  10  g  of  y-aminopropyl  silica  gel  (y- 
APA)  or  N-P-aminoethyl-y-aminopropyl  silica  gel 
(AE-y-APA)  with  100  ml  of  the  appropriate  ke¬ 
tone  or  aldehyde  solution  in  the  mixture  of  ben¬ 
zene  and  2-propanol  5:1).  In  all  cases,  coloured 
product  was  separated  from  the  reaction  mixture 
by  filtration  washed  with  benzene,  2-propanol, 
and  dried  under  vacuum  at  40-60  ""C. 


106 


Functional  materials,  1995,  2,  1 


R’ 


ITiTl 


y-APA  R»H 

AE-y-APA  R^CHjCHjNHj 


(1)  Rs:R1=R3s:H.  r2=0H: 

(2)  r«ch3.r'«r3»h.r^-oh: 

(3)  R^CHaOPh.  R’  «R3*H. 

(4)  R=^R'=R2»H,  R3=CI; 

(8)  R:=R^=R2«H,R3sBr; 

(6)  R=R^=R2=H.  R^sNOj; 

(7)  R=R2=H.R’sR3xBr; 


rrm 


(8)  R=H;  (10) 

(9) R=CH3; 


Fig.  1.  Immobilized  ligands  and  symbols  for  designation 
thereof. 


^Cu(ii)  on  the 
silica  surface, 


Fig.  2.  Extraction  of  Cu(II)  by  various  immobilized 
groups. 


All  products  are  stable  to  benzene  and  metha¬ 
nol  extraction  and  to  hydrolysis  by  water.  In 
agreement  with  the  thermogravimetric  analysis, 
the  immobilized  Schiff  bases  are  stable  to  140- 
170  ®C.  For  the  species,  are  observed  two  ther¬ 
moeffects  at  150-200  ®C,  560-590  which 
correspond  with  step-to-step  destruction  immobi¬ 
lized  groups. 

The  sorption  capacities  of  the  immobilized  li¬ 
gands  for  Cu^^,  Co^'",  nP*,  and  Zn^''  was 
determined.  In  each  case,  0,5  g  of  silica  gel  con¬ 
taining  the  immobilized  groups  was  equilibrated 
with  50  ml  of  metal  solution  (with  different  con¬ 
centration)  for  1  hour  with  intermixing.  The  solid 
extractant  along  with  the  metal  ion  adsorbed 
were  separated  from  the  solution  by  filtration. 
The  residual  metal  ions  were  titrated  according  to 
standard  EDTA  methods. 

The  adsorbtion  capacity  of  these  modified  sil¬ 
ica  gels  may  be  different  under  various  experi¬ 
mental  conditions.  In  this  work,  the  capacities 
range  from  about  0. 1-0.7  mmol  per  gram  (mini¬ 
mum  for  Nr"^  cations  and  maximum  for  Cu^*). 
The  results  are  represented  on  Fig.2-3. 

IR  spectra  of  the  immobilized  groups  were 
taken  in  the  range  1300-3600  cm  *.  The  spectra 
show  bands  at  1640  and  3300-3400  cm'*  due  to 
v(C=N),  Vas(N — ^H)  and  Vs(N — H)  (residual 
amino-groups)  respectively  [1].  As  a  result  of  the 
coordination,  the  band  v(C=N)  is  shifted  to  1610- 


Cm(ii)  on  the 
silica  surface, 
mmol/g 


Fig.  3.  Extraction  of  M(II)  by  the  immobilized  group  4. 
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Table  1 .  Concentrations  of  immobilized  ligands  and  their  bands  in  the  diffuse  reflectance  spectra. 


Ligand 

Bands  in  the  UV-spectra 

y-apa 

0.55 

- 

- 

- 

- 

- 

- 

AE-y-APA 

0.36 

- 

- 

- 

“ 

- 

- 

1 

0.45 

42000 

39800 

31800 

27400 

- 

19800 

2 

0.35 

42800 

39900 

32000 

27000 

- 

20000 

3 

0.25 

- 

39000 

32000 

- 

20000 

4 

0.45 

42300 

34400 

30000 

- 

23800^  • 

18600 

5 

0.35 

43600 

39500 

35800 

30200 

23900 

19500 

6 

0.40 

- 

37800 

- 

28600 

25000 

19800 

•  7 

0.38 

42000 

38000 

34900 

29700 

23600 

18600'" 

8 

0.35 

42500 

39900 

32200 

27000 

,  - 

19800^ 

9 

0.35 

43000 

39900 

32000 

27200 

- 

- 

10 

0.35 

- 

37200 

31500 

- 

23000’" 

- 

1630  cm"^  This  shift  depends  on  the  concentra¬ 
tion  of  immobilized  metal.  The  weak  bands  of  the 
residual  amino-groups  shift  by  30-60  cm"  with 
metal  conceittration  increase  (CMe(ii):Qig,  >  1*2). 
These  residual  amino-groups  are  responsible  for 
the  additional  adsorbtion  that  is  observed  for 
and 

The  bands  between  2800  and  3000  cm"  are 
the  various  symmetric  and  asymmetric  CH 
stretching  frequencies  associated  with  the  groups 
which  are  bonded  to  the  silica  surface  [1]. 


with  3,  1  —  CMe(ll):Ciig.=l  :2;  2  —  CMe(il)‘Ciig 1:1. 
a)  signal  of  complex  (I),  gi=  2.033,  g||=2.265;  b)  sig¬ 
nal  of  complex  (II),  gi=2.01 8,  g||=2.21 5. 


The  immobilized  ligands  and  complexes  show 
some  electronic  absorption  7i  — >  tt  and  a  ^  tt 
within  the  C=N  and  phenoxy  group  (Table  1).  All 
the  bands  show  a  shift  from  the  free  ligand  values 
by  300-500  cm"*  due  to  the  complex  formation. 

The  electronic  spectra  of  the  immobilized 
complexes  of  Cu^'*'  show  a  broad  d-d  transition  in 
the  visible  region  at  11000-12500  cm'*  —  dis¬ 
torted  tetrahedral  structure  [2]. 

For  complexes  with  immobilized  Schiff 
bases,  three  bands  are  observed  at  15000  cm  , 
consistent  with  supposition  of  tetrahedral  struc- 


3 — CMe(ll):Ciigal:2.  a)  signal  of  complex  1:2,  gi- 
1.977,  g[|=  1.949;  b)  signal  of  complex  1:1,  gi»1.977, 
g|pl.937. 
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ture  (for  all  ligands, with  exception  of  7,8).  For  7 
and  8,  two  additional  bands  are  observed  at 
15000  and  20000  cm"^  (for  the  CMe(ii):Cug.  ratio 
1:1  and  grater)  which  are  correlative  to  octahe¬ 
dral  structure  [1,2]. 

All  complexes  of  do  not  change  their 
colour  in  the  air  in  the  presence  of  moisture.  That 
testifies  to  the  presence  of  metal  cations  in  rigid 
position  and  impossibility  of  reconstruction  of 
coordination  polyhedron. 

Besides,  in  the  UV  spectra  of  complexes  Cu  ^ 
with  4,  10  and  with  7,  8  at  small  metal  con¬ 
centrations  (CMe(ii):Ciig.  <  1:3),  a  band  of  free 
ligand  is  observed  (marked  as  in  Table  1). 

The  positions  of  weak  bands  in  the  spectrum  of 
complexes  at  25000,  19000  cm  (for  all  ligands) 
are  consistent  with  square-planar  structure  [2]. 

The  electronic  spectra  of  the  Schiffbase 
complexes  exhibit  a  single  band  at  17000  cm'^ 
with  additional  inflections  at  14000  and 
20000  cm  '.  These  spectra  are  consistent  with  a 
five-coordinate,  squarepyramidal  structure. 


The  ESR  spectra  for  and  at  room 
temperature  showed  two  different  structural  pos¬ 
sibilities  for  immobilized  conmlexes  (Fig.4-5). 
Under  low  concentration  of  VO^,  the  square-py¬ 
ramidal  structure  is  realized  with  CMe(ii):Ciig.  ra¬ 
tio  1:2;  when  amount  of  metal  rises  the  bands  of 
the  square-pyramidal  structure  with  the  ratio 
CMe(il):Ciig.  1:1  appear  in  the  spectrum.  For  cop¬ 
per  complexes  having  distorted  tetrahedral  envi¬ 
ronment,  the  similar  changes  with  ratio 
CMe(ii):Uiig.  are  observed  in  the  ESR  spectra. 
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EHaMHH-MexaJIJlHHeCKHe  KOMnJieKCU,  HIVfM06HJ1H30BaHHbie 
na  noBepxHOCTH  KpeMHeseivfa 

B.B.AHTomyx,  A.A.rojTy6,  A.B.JIbiceHKO 


CHHTeSHpOBaH  pHA  HMM06HJIH30BaHHfaIX  Ha  nOBCpXHOCTH  aOpOCHJia  OCHOBaHHH  IllH(})<})a.  C 
nOMOUlblO  (l)H3HHeCKHX  H  4>U3UKO-XHMHHeCKHX  MCTOAOB  AOKa3aHa  HHAHBHAyaJIbHOCTb  HOJiyHeHHblX 
coeAHHeHHH.  H3yHeHbi  copGimoHHbie  cBOHCTBa  nojiyneHHbix  HOCHTejieii  no  OTHOineHHio  k  KaxHonaM 
Cu^,  Ni^  ,  h  .  CneKTpoMCTpHHecKHMH  MeroAaMH  HccjieflOBaHbi  crpoeHHe  h  cocraB 

o6pa3yK)lHHXCH  KOMnJieKCOB.  HOKaBaHO,  HTO  MCAH  H  Ko6aJIbTa,  CHMM06HJIH30BaHHblMH  JIHraHAftMH, 
peajiHByercn  npeHMymecTBeHHo  nceBAOxerpasApHHecKoe  OKpyjKeHHe.  BaHaAHJia  Ha6AiOAaK)xc5i 

KBaApaxHO-nHpaMHAaJibHbie  cxpyKxypbi,  a  HHKenb  cop6Hpyexcn  b  njiocKO-KBaApaxHbie  nosHUHH. 
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Dielectric  behavior  of  hydrated  pyrogenic  silica 
and  titania/silica 
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31  Nauki  Ave.,  252022  Kiev,  Ukraine 

The  water  sorption  on  the  surface  of  pyrogenic  silica  and  titania/silica  is  discussed.  The  occurence  of 
Ti02/SI02  interphase  boundary  is  shown  to  cause  a  significant  change  in  the  water  sorption  processes  on 
the  pyrogenic  titania/silica  surface. 

PoarjWHyTO  copditiio  MOJieKyji  bo^h  na  noBepxni  niporennoro  KpeMueaeMy  xa  XHxaHOKpeMHeseMy. 
IIoKaaaHO,  mo  noHBa'Mi^(})a3Hoi‘  Me^i  Ti02/SI02  cyxTCBO  sMiaioe  npoqecH  cop6qu  BOj^H  aa  noBepxai 
nipor^aaoro  THxaaoKpeMaeaeMy,  BiAnoBi/taxbBHMH  3a  Hid  e  xHTaaocHJioKcaaoBi  MicTKH  Ti-O-SI. 


1.  Introduction 

The  properties  of  water  absorbed  on  metal  ox¬ 
ide  surfaces  are  different  from  those  of  bulk  water 
[1-4].  Characteristic  changes  are  observed  in  layer 
of  10  nm  [5].  Titania-silica  (TS)  surfaces  are  more 
heterogeneous  in  respect  of  water  absorption 
than  silica.  This  is  the  result  of  the  formation  of 
individual  Ti02  phase  and  Tl-O-Si  or  Ti-O(H)- 
Si  bridges  in  the  interface  regions  [5-8]. 

The  Ti-O-Si  bridge  content  in  TS  increases 
with  the  «Ti02  value  growth  and  it  is  maximum  at 
«Ti02»  20  wt.%  [9].  This  value  is  close  to  maxi¬ 
mum  solubility  of  titania  into  silica  matrix  [10]. 
The  adsorption  capacity  value  for  TS  is  not  ex¬ 
plained  through  additive  adsorption  of  water  on 
the  Si02  and  Ti02  phases  [11].  The  aim  of  this 
work  is  the  investigation  of  water  adsorbed  on 
the  silica  and  titania-silica  surfaces  and  determi¬ 
nation  of  interface  influence  on  characteristic 
properties  of  such  systems. 


2.  Experimental 

Materials.  Pyrogenic  silica  Aerosil  (A-300, 
(300  m^-g'^)  99.9%)  was  obtained  from  PU 
«Chlorovinil»  (Kalush,  Ukraine).  The  samples 
were  heated  during  an  hour  at  T  =  470  K  for  re¬ 
moval  of  residual  HCI. 


Pyrogenic  titania/silica  (with  99.5%  purity) 
has  been  studied;  the  samples  used  contained  9 
(TS9),  14  (TSi4),  20  (TS20),  22  (TS22),  29  (TS29), 
and  36  (TS36)  wt.%  of  titania  with  specific  surface 
area  (5)  of  215,  137,  70,  250,  60  and  90  m^  g’’ 
correspondingly. 

DS  method.  Water  adsorption  measurements 
were  performed  at  room  temperature  with  mean 
error  near  ±0.01  g/g.  Dielectric  characteristics 
were  measured  in  the  3-10  MHz  frequency  range. 
A  choice  of  this  region  is  conditioned  by  neglect¬ 
ing  of  Maxwell-Wagner  effects  [12].  The  meas¬ 
urements  of  8'  -  0(7)  and  e"  =  T'(T)  were  taken  by 
thermochamber  with  programmed  temperature 
changes.  Heating  rate  was  equal  0.05  K/s  at 
dT=±5%. 


3.  Results 

The  activation  energy  of  Debye  type  polariza¬ 
tion  (Ep)  may  be  obtained  from  spectra  of  dielec¬ 
tric  losses.  The  Ep  values  are  calculated  usually 
from  shift  of  the  temperature  maximum  s"(^  for 
different  frequencies  (Fig.  1).  The  Ep  value  in¬ 
creases  at  CH2O  rising;  e.g.,  at  CH2O  =  0.05  g/g,  Ep 
is  13  kJ/mol  and  at  CH2O  =  0.45  g/g,  Ep  is 
21  kJ/mol  for  low-temperature  peak.  This  may  be 
interpreted  as  a  result  of  hydrogen  bond  number 
increase  for  each  molecule  in  adsorption  complex 
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Fig.  1 .  Dependence  of  the  s''  values  on  temperature  at 
f  =  9  (1 ),  3  (2)  MHz  and  ChjO  =  0.05  g/g. 

at  CH2O  =  *0.45  g/g.  The  value  is  46±15  kJ/mol 
for  the  high-temperature  peak  at  CH2O  =  0.25  g/g. 

Relaxation  time  of  adsorbed  water  polariza- 

Q 

tion  (xrp)  on  Aerosil  surfaces  is  nearly  10"  s  [13], 
i.e.,  it  lies  between  those  for  xi  (liquid  bulk  water) 
and  Xi  (ice).  However,  for  sihca  gel,  Xrp  (10'^-  10" 
s)  is  less  than  for  Aerosil  owing  to  spatial  filhng 
of  the  gel  pores  and  higher  sizes  of  adsorbed 
water  clusters.  The  xrp  value  growth  relative  to  xi 
is  due  to  orientation  and  polarization  actions  of 
oxide  surfaces  hindering  any  motions  of  mole¬ 
cules  adsorbed.  For  example,  in  Aerosil  hydrogel 
the  random  mobihty  of  water  molecules  differs 
from  bulk  water.  The  mean-square  value  of  scat¬ 
tering  atom  displacements  <x^>  (obtained  by 
analysis  of  angular  dependence  for  noncoherent 
quasi-elastic  scattering  of  slow  neutrons)  [11]  is 
6  10''^nm^  for  dehydrated  Aerosil.  At 
CH2O  =  0.006  g/g,  the  <x^>  value  increases  to 
0.9-1.0-10"^  nm^,  and  at  CH2O  =  0.02  g/g,  it 
amounts  1.310’^nm^.  For  bulk  water,  <x^>  is 
1.5*10'^  nm^  at  the  same  conditions. 

As  CH2O  grows,  the  s"(7)  maximum  shifts  to 
lower  temperatures  at  first,  but  then  it  returns  to 
the  region  of  170-190  K  (Fig.  2).  The  £!’{T)  inten¬ 
sity  changes  are  as  small  as  from  0.05  to  0.20  at 
CH2O  increase  and  at  T  <  200  K.  This  effect  may 
be  interpreted  as  small  changes  number  of  water 
molecules  directly  bound  to  the  surfaces,  i.e., 
water  cfcister  sizes  increase,  but  the  most  part  of 
molecules  in  these  clusters  aro  ice-shaped  at 

r<220K. 

All  samples  containing  0.1-0.45  g/g  of  water 
have  a  relaxation  maximum  at  0®  C  which  may  be 
caused  by  water  molecules  bound  in  great  clus- 


Fig.2.  Dielectric  losses  of  pyrogenic  silica  depend¬ 
encies  on  temperature  at  the  CH2O  for  0.10  (1), 
0.25  (2),  0.45  (3). 

ters,  i.e.,  not  directly  contacting  the  silica  sur¬ 
faces. 

For  the  e"  =  ^{T)  function,  two  temperature 
regions  may  be  separated:  I,  at  T  220  K  and  II, 
at  T  =  240-320  K.  Internally  frozen  adsorbed 
clusters  are  characteristic  for  the  second  region, 
and  the  e"  intensity  depends  on  CH2O  strongly  (at 
room  temperature  this  dependence  is  linear)  [15]. 
In  the  first  region,  freezing-out  of  molecules  di¬ 
rectly  bound  to  the  silica  surfaces  (type  I)  occurs 
in  the  first  region.  The  value  dependence  on 
CH2O  is  non-linear:  at  first,  E^  decreases  with 
CH2O  growth  but  then  it  increases,  i.e.,  number  of 
molecules  directly  bound  to  the  surface  depends 
on  CH2O  and  cluster  sizes  non-linearly.  Appar¬ 
ently,  at  first,  the  number  of  molecules  directly 
bound  to  the  surface  changes  very  httle,  i.e.,  the 


Fig. 3.  Dependence  c"  =  f(«H20)  for  the  samples  Si02 
(1),  TS9  (2),  TSm  (3),  TS20  (4);  frequency  is  equal 
3  MHz. 
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Fig.4.  Dependencies  of  the  Si-O-Ti  bridge  content  on 
«Ti02  TS. 


clusters  increase  at  the  expense  of  superstructure. 
The  value  decrease  may  be  caused  by  mobility 
limitation  of  water  type  I  at  freezing-out  of  water 
type  II  in  cluster  superstructure.  Water  clusters 
can  coalesce  at  further  growth  of  CH2O  (according 
to  8"(r)  and  ^’'{Cy\20)  this  transition  occurs  in  the 
range  0.25  <  CH2O  <0.45  g/g),  and  amount  of  type 
I  water  increases  that  leads  to  the  Ep  value  rising. 
Hexagon  "windows”  on  Aerosil  surface  (which 
has  structure  similar  to  face  (111)  of  p-crysto- 
balite)  have  only  three  Si  atoms  with  OH  groups 
which  are  active  sites  for  water  adsorption  [8]. 
There  is  some  critical  size  (/^c)  of  water  clusters, 
and  its  excess  leads  to  coalescence  of  separated 
clusters.  At  CH2O  »  0.25-0.30  g/g,  the  Rc  value 
corresponds  to  20-30  molecules  in  a  cluster. 

Dielectric  permittivity  (s')  of  TS  depends  on 
the  «H20  value  more  strongly  than  for  silica 
(Fig.  3,  curves  2-4).  The  character  of  the  function 
8'  =  f{nH20)  (kink  up)  allows  us  to  explain  the 
data  obtained  within  the  scope  the  layered  model 
[16]  according  to  which,  in  the  first  layers,  the 
molecules  adsorbed  on  the  most  active  sites  have 
lower  orientational  mobility  in  external  electric 
field  than  ones  in  the  second  layers,  which  give 
higher  contribution  to  orientational  polarization 
of  adsorbate.  It  increases  through  Ti02  phase  in¬ 
fluence  and,  as  a  result,  the  8'  value  grows.  The  8' 
value  for  dehydrated  pyrogenic  silica  and  TS  are 
nearly  equal  [17].  The  e'  values  changes  nearly 
linearly  with  the  Sl-O-Ti  bridge  content  (Fig.  4), 
i.e.,  we  can  assume  that  these  sites  are  the  most 
important  for  water  adsorption.  They  lead  to  fast 
rise  of  great  clusters  of  water  adsorbed  on  TS  as 


Fig, 5.  Dependece  t”  on  «tio2  for  TS  at  water  content 
of  4  (1)  and  6  (2)  wt.%. 


the  nH20  value  grows.  The  peculiar  form  of  the 
function  z'  =  /(«H20),  which  is  observed  for  TS14 
and  TS20  (Fig.  3,  curves  3,  4)  (at  such  «Ti02  val¬ 
ues,  individual  titania  phase  forms  into  TS),  at¬ 
tests  that  continuous  water  layer  forms  on  Ti02 
phase. 

Dielectric  permittivity  is  proportional  to  the 
«Ti02  and  Si~0~Ti  bridge  amounts  (Fig,  5).  The 
s''  value  dependence  on  temperature  (Fig.  6)  for 
TS9  differs  from  one  for  pyrogenic  silica  and  the 
s"  values  of  TS  in  the  220-300  K  range  are  well 
above  that  for  silica.  However,  the  /2H2O  value  for 
TS9  is  higher  than  for  silica  by  2-3  wt.%  only,  i.e., 
this  difference  of  the  s"  values  can  not  be  ex¬ 
plained  only  by  water  content  on  the  Si02  and 
TS9  surfaces.  This  may  be  caused  by  a  difference 
betvveen  adsorbed  water  clusters  sizes  for  this  ox- 


Fig.6.  Dq^endence  z”  on  temperature  for  TS9  at  fre¬ 
quencies  of  3,2  (I)  and  9.4  (2)  MHz. 
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ides.  As  the  temperature  drops  from  300  to 
220  K,  such  change  in  the  s"  values  is  charac¬ 
teristic  for  a  surface  containing  great  water  clus¬ 
ters,  but  it  is  observed  for  pure  Si02  only  at 
«H20  >  25  wt.%.  At  least  two  relaxation  maxima 
are  observed  for  TS9  in  the  160-220  K  range  in 
which  one  maximum  is  exhibited  for  silica,  i.e., 
on  the  TS  surfaces,  several  types  of  water  adsorp¬ 
tion  sites  exist,  e.g. 


n  *nw  n*  n  n 


H..OH0 


0*nH20*  O 


/  r 


W  V_/  Q  W 

„  Lr  v„H,o  L 


Calculation  of  the  activation  energy  of  polari¬ 
zation  (Ep)  may  be  performed  through  a  relaxa¬ 
tion  maximum  shift  at  two  different  frequencies 
W[16] 


The  Ep  value  according  to  eq.(2)  for  TS9  is 
28  kJ/mol  (220-300  K)  and  21  kJ/mol  (160- 
220  K).  An  estimation  of  the  Ep  value  may  be 
made  via  a  maximum  of  s''  measured  on  a  certain 
frequency 


(4ax-2^) 


01cT)  exp  (|p). 


Where  AFis  free  energy  of  activation,  and  as 
we  measure  temperature  dependence  but  not  fre¬ 
quency  one  that 


r^maxl  (4) 

I  ^0  J 

An  estimation  of  activation  energies  for  three 
DS  peaks  of  TS9  according  to  eq.(4)  gives  follow¬ 
ing  values:  18,  21  and  25  kJ/mol. 


4.  Theoretical  simulations 

Theoretical  investigations  were  carried  out  in 
cluster  approach  by  the  AMI  method  [18]  for 
Si02  and  NDDO  [19]  for  Ti02/Si02.  The  Aerosil 
surface  fragments  were  modeled  through  the  clus¬ 
ters  (03SiO)3SiOH  (I)  and 

(03Si0)2Si(0H)0Si(02)0Si(0H)(0Si03)2  (II), 
where  O*  is  monovalent  oxygen  pseudoatom  [8]. 
Adsorbed  water  clusters  contained  from  1  to  12 
molecules.  The  following  motions  of  molecules 
were  simulated: 


a)  rotation  of  one  molecule  which  had  donor- 
acceptor  bond  with  Si  atom  ih  the  =SiOH  group 
and  different  number  of  hydrogen  bonds  with 
other  molecules 


/  H  +H2O 


-'7 

* 


:Sl  /'+H2O  (5) 


b)  rotation  of  molecules  from  different  surface 
layers  with  variable  number  of  hydrogen  bonds 

/H  -O  — H ...OH, 

N/  (6) 

HI  H  ...O  — H...OH2 
n 


c)  diffusion  of  molecules  which  had  donor-ac¬ 
ceptor  bond  or  hydrogen  bond  (or  physically  ad¬ 
sorbed).  The  calculation  were  carried  out  with 
account  for  the  vibrational-rotational  relaxation 
of  molecule  surroundings  and  without  it  by  adi¬ 
abatic  (ARC)  and  dynamic  reaction  coordinate 
(DRC)  methods  [20].  In  the  latter  case,  the  start 
points  had  the  structures  obtained  by  ARC 
method  and  corresponding  to  different  rotations 
or  transition  states  of  diffusion  jumps  between 
neighboring  sites. 

Minimum  activation  energy  of  water  molecule 
rotations  is  observed  at  soft  concurrent  reorienta¬ 
tion  of  surroundings  Table  1  that  corresponds  to 
slow  rotations  of  molecules  in  liquid  states.  Maxi¬ 
mum  activation  energy  is  obtained  at  "rigid"  sur¬ 
roundings  that  is  close  to  ice  characteristics  (for 

ice,  E!^ot «  55  kJ/mol  [4]).  At  weak  response  of  sur¬ 
roundings,  the  rotation  barrier  is  maximum 
(42  kJ/mol)  for  a  molecule  with  donor-acceptor 
bond  Si<-OH2. 

This  value  approaches  to  the  Edp  maximum 
characterizing  the  depolarization  of  adsorption 
complexes  which  remain  after  heating  (Fig.  6), 
i.e.,  strongest  complexes. 

Activation  energy  of  surface  diffusion  (Ed) 
was  calculated  for  water  molecule  "jump"  be¬ 
tween  neighboring  sites  with  sSiOH  groups 
(«  0.7  nm): 
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Table  I .  Energetic  parameters  of  adsorption  comlexes 


! 

1  iV  Cluster 

N-^n+\ 

\ 

Bond  type  of  rotated 
molecule, 
(number  of  bonds) 

AE, 

^/+1 

E* 

(suit,  relax.) 
t. 

I 

1 

DAC  (2) 

39 

13 

1 

U 

1 

DAC  (2) 

55 

36 

1375**  (AFh") 

I 

2 

DAC  (3) 

42 

24 

18 

ll  I 

3 

DAC  (3) 

40 

42 

- 

. 

5 

DAC  (4) 

33 

69 

17 

1  ^ 

8 

HB(3) 

37 

26 

- 

I 

9 

DAC  (4) 

35 

41 

- 

I 

10 

HB(1) 

36 

8 

I 

9 

DAC  (4) 

45 

59* 

31  ♦  F=7,2-10^  V/in 

I 

9 

DAC  (4) 

40 

29*  F=3.610^V/m 

n 

9 

DAC 

36 

1109  (AEh") 

I 

i 

HB 

13-15 

I 

2 

HB 

30 

I 

2 

24 

7 

15 

I  OH  ...H3O 

I 

7 

33 

I 

4 

30 

I 

6 

29 

I 

12 

32 

Notes.  *The  values  were  obtained  without  field,  but  after  polarization.  **Proton  detachment  energy. 


V 


/ 


o 


O — Si — O  O- 

^  /  \ 

JO 


(7) 


Potential  energy  change  is  10  kJ/mol,  if  the 
molecule  resides  between  =SiOH  groups  in  (7 A). 
Time  of  one  jump  between  these  groups  with  ki¬ 
netic  energy  of  molecule  corresponding  to 
330  K  is  about  10'^  s  at  the  mean  velocity  of 
molecule  motion  along  surface  3.6  m/s.  The  Ev 
value  is  equal  30  kJ/mol  at  molecule  removal  on 
0.7  nm  from  the  =SiOH  group  (7B),  i.e.,  it  is 
25  kJ/mol  less  than  energy  of  initial  complex  for¬ 
mation;  that  is  caused  by  the  conservation  of  at¬ 
traction  between  solid  and  molecule  under  the 
diffusion  along  the  surface. 


For  titania  surface  fragments,  clusters  in¬ 
cluding  from  three  to  six  hexahedrons  TiOe/a 
with  anatase  structure  were  calculated.  The 
Ti02/Si02  surface  models  contained  from  one 
to  three  TiOe/a  hexahedrons  and  7-10  Si04/2 

tetrahedrons.  The  HaSiO  and  OH  groups  were 
used  on  the  cluster  boundaries.  The  Ti02  and 
Ti02/Si02  clusters  contained  the  Ti-0(H)“Me 
(Me  =  Ti,  Si)  bridges  and  terminal  OH 
groups. 

The  value  for  TS  is  minimum  (for  mole¬ 
cules  bound  directly  to  a  surface)  in  hydrogen 
complexes  of  only  one  molecule 

OH...OH2,  {Me=  Si.Ti)  (8) 

Me 

and  it  is  about  10  kJ/mol.  In  the  case  if  these 
molecules  interact  with  other  water  molecules,  the 

value  increase  to  25  kJ/mol.  For  donor-ac- 
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ceptor  complexes  (DAC)  Ti^OH2,  the  value  is 
higher  (»  40  kJ/mol,  i.e.,  it  is  nearly  equal  to  the 

value  for  DAC  on  a  silica  surface  [4]).  With 
growing  number  of  water  molecules  in  a  complex, 
when  the  first  adsorbed  molecule  forms  DAC,  the 

value  rises  to  55-60  kJ/mol.  If  a  molecule  sur¬ 
rounding  in  DAC  is  assumed  to  be  fully  rigid  that 
the  Et  value  is  equal  85  kJ/mol.  However,  the 
probability  of  Ti<-OH2  DAC  fonnation  on  pyro¬ 
genic  TS  surfaces  is  small  as  the  Ti  atoms  at  a 
surface  form  hexahedron  structures  TiOe/s. 

From  a  comparison  of  experimental  data  with 
theoretical  simulation  results  we  can  conclude 
that  the  most  formation  probability  exists  of  fol¬ 
lowing  type  complexes: 


I  I 

O  ...H — O  P 

H  \  H  H 

.A  A.  A 


\  r 

O— H...  O. 
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H — 


■\  I  I  / 

O...H  — O  p—  H...O  ^ 


o 

-■nAfle 
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h4  ... 


H— O. 
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:0-— H...  9 — H 
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^  "aX  h  /° 

V  ^  ^ 

/H  H 

Ti - Me 


/ 

H 

/ 

D 

\ 


//////////////// 


where  Me  is  Ti  or  Si.  Therefore,  a  number  of 
water  molecules  in  DAC  on  TS  surfaces  is  lower 
than  on  pure  silica  on  which  DAC  are  the  most 
preferential,  i.e.,  the  most  probable  formation  of 
water  superclusters  occurs  on  the  TS  interface 
sites  (B-centers)  which  form  easily  ion  pairs  at 
solvation.  However,  thermodynamic  stabiliza¬ 
tion  of  ion  pairs  requires  a  participation  in  this 
process  many  water  molecules  on  every  center 
(«>10in(7))  [21]. 


5.  Conclusion 

The  relaxation  time  Trp(DS)  decreases  with 
rising  of  water  quantity  in  adsorbed  clusters  ow¬ 
ing  to  increased  dissipation  rate  of  vibration-ro¬ 
tation  energy. 

Analyzis  of  the  experimental  results  favors  the 
view  that  the  most  probable  sites  for  water  molecule 
adsorption  are  the  Ti02/Si02  phase  boundary  re¬ 
gion,  and  water  molecules  adsorbed  on  the  Ti— 
0(H)-Si  bridges  loss  less  degrees  of  freedom  than  at 
donor-acceptor  complex  Me<-OH2  formation.  This 
effect  has  influence  on  a  lowering  of  activation  bar¬ 
riers  of  polarization  and  depolarization  of  water 
clusters  adsorbed  on  mixed  oxide  surfaces. 
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/I,H3JieKTpHHecKHe  Hccjie^lOBaHHfl  miipaTHpoBaHHoro  nHporeHHoro 
KpeivfHeseivfa  h  THTanoKpeiviHeseivfa 

B.H.3apKO,  B.M.FyHbKo 


PaccMOTpcHa  cop6uHH  MOJieKyjT  bo^m  Ha  noBepxHocxH  nuporeHHoro  KpeMHe3eMa  h 
THTaHOKpcMHeseMa.  floKaBano,  hto  noHBJieHne  Me)K4)a3HOH  rpaHHUbi  Ti02/Si02  npHBO/iHT  k 
cymecTBeHHOMy  hsmchchhio  npoueccoB  cop6uHH  BO/ibi  na  noBepXHOCXH  nHporeHHoro 
xHxaHOKpeMHe3eMa,  oxsexcxBeHHbiMH  3a  Koxopbie  jibji^hoxch  xHxaHOCiuiOKcaHOBbie  mocxhkh  Ti— O-Si. 
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The  influence  of  the  thin  fllm  with  2D  surface  zone 
in  an  adsorbate  on  the  potential  barrier 
in  the  external  electric  field 

L.G.H’chenko  and  A.A.Savon 


Institute  of  Surface  Chemistry,  National  Academy  of  Science  of  Ukraine, 

3 1  Nauki  Ave.,  252028  Kiev,  Ukraine 

E5ctemal  field  penetration  effect  in  the  thin  films  of  a  metal  (semimetal  or  degenerate  semiconductor) 
with  a  size  quantized  electron  spectrum  have  been  calculated  in  the  framework  of  nonlocal  electrostatics. 
On  the  basis  of  these  results  we  determined  the  influence  of  the  thin  adsorption  coating  with  ID  surface 
zone  in  the  adsorbate  on  the  potential  barrier  in  the  case  of  the  field  emission  from  the  semi-infinite  metals. 


3  BHK0pHCTaHH5IM  TeOpCTHHHHX  MCTOAIb  HeJIOKaJIbHOl  eJieKTpOCiaTHKH  SHaitflCHO  BHpaS 
noTenqiajiy  npoHHKHCKHH  30BHiiiiHboro  ejieicipHHHoro  nojw  b  TOHKi  hjiibkh  MerajiiB  (naniBMerajiiB  a6o 
BHpo,a>KeHHX  HaniBnpoBiflHHKiB)  3po3MipHo-KBaHTOBaHHM  cneicTpoM  ejieKTpoHiB.  0,nep5KaHi  pesyjibTaTH 
3aCTOCOBaHO  AJm  BH3HaHeHHFI  BHJIHBy  TOHKHX  a^COpfiqiHHHX  nOKpHTHB  3  2D  nOBepXHeSOK)  30H0K)  B 
njiiBqi  a^cxjpfiaxy  na  4)opMy  noxeHuiajibHoro  6ap’epy  npn  aBToejieicrpoHHiH  eMicii. 


The  emission  characteristics  of  metallic  cath¬ 
odes  are  determined  by  the  bulk  properties  of  the 
metai  (the  electronic  structure)  and  the  surface 
state  of  the  metal  (the  adsorbate  layers).  In  [1-3] 
it  is  shown  that,  for  the  calculation  of  the  poten¬ 
tial  barrier  F)  in  the  external  electric  field  F 
for  electrons  tunnelling  from  the  metal,  the  good 
approximation  is  the  following: 


(1) 


where  x  is  the  affinity  energy  of  the  bulk  metal,  x 
is  the  value  of  the  image  plane  displacement  for 
the  calculation  of  the  image  force  potential 
Vf^x),  x\  is  the  contribution  from  the  field  pene¬ 
tration  effect.  All  these  values  are  determined  by 
the  electronic  structure  of  metal.  In  the  frame¬ 
work  of  the  Thomas-Fermi  approximation  (TFA) 
we  obtain: 

3—1  —1 

X  =  — ^;^o  =  ^K  ;xi  =  K  , 


where  k”*  is  radius  of  screening  by  free  carriers  in 
the  TFA.  Taking  into  account  the  quantum  na¬ 
ture  of  conduction  electrons  in  metal  within  the 


framework  of  the  Random-Phase  approximation 
(RPA)  for  the  dielectric  function  of  metal  s(^, 
and  the  many-body  correlations  between  the  elec¬ 
trons  give  the  possibility  of  a  classification  of 
metals  according  to  their  electronic  properties.  In 
RPA,  x»  ^0  and  x\  are  obtained  in  the  integral 
form. 

It  is  known  that  the  adsorption  of  atoms  on  a 
cathode  surface  influences  essentially  its  current 
characteristics.  The  work  function  of  the  metal 
varies  with  the  coating  degree  9.  The  collective 
properties  of  the  electrons  in  the  film  of  adsorbate 
begin  to  play  a  significant  role  for  the  coats 
9  >  Oc  [4,5].  In  this  case,  the  spectrum  of  electrons 
becomes  quasi-two -dimensional  (Q2D),  The  Q2D 
layer  on  the  metal  surface  changes  the  barrier  in 
the  external  field  F.  At  the  same  time,  in  addition 
to  the  conventional  emission  of  electrons  from 
the  metal,  the  emission  from  the  Q2D  layer  (2D 
zone)  appears. 

On  the  basis  of  the  Green  functions  of  the 
nonlocal  Poisson  equation  in  an  unsymmetric 
system  of  three  media  with  a  spatial  dispersion 
[6],  we  have  calculated  the  potential  electrostatic 
charge  near  the  metal  surface  with  a  metal  coat¬ 
ing  (adsorbate)  in  the  external  electric  field  F. 
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Let  us  consider  the  interaction  of  a  charge  e 
with  surface  of  a  semi-infmite  metal  taking  into 
account  the  screening  effects  induced  by  free  con¬ 
duction  electrons.  The  dielectric  function  of  metal 
in  the  region  x  <  L  we  choose  in  TFA 


■  ;2  2 
k  +q 


2  (yTie'n 


where  n  is  electron  concentration  and  E  is  the 
Fermi  energy. 

Let  us  suppose  that  the  spectrum  of  the  free 
carriers  in  the  metal  film  of  the  thikness  L  (in 
region  -L<x<0)  is  size-quantized  (SQ).  The  di¬ 
electric  function  of  SQ  film  can  be  written 
in  the  form  (RPA)  [1,7] 


'  ,2  2 
k 


In  the  electric  quantum  limit,  when  electrons 
fill  one  level  in  the  adsorbate  layer,  the  polarisa- 

tion  operator  kx(^)  has  the  torm 

2  4  r  /  .  2  l/2i 


where  kF=  '^riL  is  the  Ferini  pulse  of  electrons 
h 

in  the  Q2D  zone,  ao  =  — -  is  the  effective  Bohr 


radius,  m*  is  effective  mass  of  electrons,  n  =  -y-  is 

the  bulk  concentration  of  electrons  in  Q2D  zone, 
is  two-dimensional  concentration  of  adatoms 
in  the  adsorbate  layer.  Note  that,  in  TFA, 

Kl/{q)  -  K,V  =  const. 

For  a  total  case  of  unsymmetric  system  of 
three  media  with  spatial  dispersion,  in  [6]  Poisson 
equation  were  found,  which  determine  uniquely 
the  electrostatic  energy  of  the  Green  function  of 
the  nonlocal  charge  V?{x)  (the  potential  of  image 
forces)  in  the  inhomoneous  system  for  0. 

As  it  was  shown  in  [6],  the  account  for  the 
spatial  dispersion  effects  in  the  media  with  differ¬ 
ent  screening  properties  provides  fmiteness  and 

continuity  of  Vf(x)  at  the  interfaces  x^-L  (semi¬ 
infinite  metal/SQ  film)  and  a  =  0  (SQ  film/vac¬ 
uum/, and  the  common  (vacuum)  counting  level 
of  the  potential  of  forces. 

In  the  total  case  for  the  unsymmetric  system 
of  three  media,  we  obtained  the  field  Green  func¬ 
tion  of  the  nonlocal  Poisson  equation  which  de¬ 
termines  the  field  component  A  G(x,F)  of  the  total 
electro  statical  potential  for  0 


AK^(x,F)  =  ff  (X)  4-  ^V■{x,F)  ’  ^ 

We  found  a  strict  solution  of  the  nonlocal 
Poisson  equation  taking  into  account  the  finite 
bounds  of  the  normal  component  of  the  electro¬ 
static  induction  vector  at  the  interface  x  =  ~L  and 
X  =  0  in  the  external  electric  field  F. 

The  external  field  penetration  effect 

const.)  in  the  thin  metal  film  (with  SQ  spec¬ 
trum  of  the  electrons)  on  the  metal  surface  (TFA) 
is  described  by  the  following  expressions: 

^\x  +  L\  k^y  (6) 

AFj ( 1 X I  ,F)  eF  Kch(LK y) 

(in  metal  region,  x  <  L); 

af2(1x1,F)  = 

g/7  Ksh(  i  X  +  1 1  K^)  +  K^ch(  I  X  +  L  I  Ky)  0) 

Kjsj  K/^h(LK^)  KCh(LK^) 

(inside  the  film  -  L  <  x  <  0); 

1  K  +  KA€th(lKxr)  (8) 

AF.(x,F)  =  -  eF  (X  +  - - F:r  J 

KjV  KCth(LK;^) 

(in  vacuum,  x  >  0). 

Fig.  1  shows  tlie  field  penetration  effect  in  the  thin 

(superthin)  metal  film  for  L  =  3,3  A,,  m*  -  0.08  m 
(m  is  the  mass  of  free  electron)  on  the  semi-infi¬ 
nite  metal  with  different  concentrations  of  bulk 

electrons  ?z=10^'cm  ^  (cur\e  1),  n-\Q^^cxn 

(curve  2)  and  n  =  lO^^cm"'"  (cur^c  3). 

Fig.2  demonstrates  the  contribution  of  the 
field  penetration  effect  into  the  potential  value  at 
the  interface  22D/vacuum  (x  =  0)  for  different 
concentrations  of  electrons  in  the  semi- inf  mite 
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Dimensionless  potential 

energy 

Av(Q  =  AK(x)^  in  the  thin  metal  film  as  a  function 

of  C  =  -«/ao  for  L  =  3.3A,  m*  =  0.08  m,  F=8  -lo’  on 
the  semi-infinite  metal  for  /i=10^'cm  '’  (curve  1), 
n  =  10  cm  (curve  2),  n  =  lo”  cm^^  (curve  3). 
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Fig. 2  Dimensionless  potential  energy 

^'^(0  ^he  thin  metal  film  as  a  function 

e 

of  Finto  potential  value  at  the  interface  e2Z)/vacuum 

for  L  =  3.3A, ,  m*  =  0.0Sm  and  «=10^*an~^ 

(curve  1),  /)  =  10  cm  (curve  2),  «  =  10  cm 
(curve  3). 

bulk  of  a  metal  n=10^'cm'^  (  curve  1), 

n  =  10  (curve  2)  and  n  =  lO^^cm"^  (curve 

3). 

It  is  seen  that  the  effect  of  field  penetration  in 
the  metal  film  is  defined  by  the  electronic  struc¬ 
ture  of  the  semi-infinite  metal  for  the  superthin 
metal  film,  for  9  >  9^. 

For  the  thickness  L  »  at  in  (6)-(8),  we  obtain 
the  field  penetration  effect  in  the  form 

AF2(|^|,F)=-^exp(-|x|K^); 

(inside  the  film,  x  0) 

AF3(x,F)=-eF(x  +  — ) 

(in  vacuum,  x  >  0) 

As  it  can  be  seen,  the  equations  (9)  and  (10) 
describe  the  field  penetration  effect  in  a  semi-infi¬ 
nite  metal  [3]  we  replace  kat  ->  k. 

The  potential  barrier  <^(x,F)  for  the  electrons 
tunnehng  through  the  Q2D  layer  from  the  semi- 
infinite  metal  into  vacuum  can  be  written  in  the 
form 


Fig, 3  The  dimensionless  potential  barrier 

on  distances  ^  =  —  in  vacuum 
e  ao 

in  the  external  electric  field  F-  510^  V/cm  (curve  1) 

and  F=  10  *  V/cm  (curve  2)  near  the  Q2D  layer  for 

L  -  3,3  A,  and  /i  =  10  cm  The  dependence  for 

the  potential  barrier  ^  the 

absence  of  a  metal  coat  is  shown  by  dashed  lines. 


Here,  FL(|xf)  is  the  potential  of  the  image 
forces  in  Q2D  layer,  V^ac(X)  is  the  potential  of 
the  image  force  in  vacuum.  In  the  case  of  TFA. 

when  L»  at,  we  obtain  1^ac(x)  in  analytical 
form 


^VAC(^)  =  7 - 72  ^ 

(v) 

-No(2Kf^)]  - 


where  H\(z)  and  Ny/(z')  are  Struve  and  Neumann 

functions.  X2Z)  and  v\d(x)  in  TFA  (as  well  as  in 
RPA)  are  determined  in  the  integral  form. 

The  potential  barrier  for  emission  of  electrons 
from  Q2D  zone  is 


<!>(  kl  .-P)  =  X  +  <P2d(I  ^1  ^  +  <i>VAdX>P) 

^2D{\Ar)  =  ^2d\x\,F)  +  W^{\x\,F) 

=  ^VAd^)  +  AF3(X,F) 

The  potential  barrier  <t>2d(X/)  for  the  elec¬ 
trons  tunneling  from  the  Q2D  zone  into  vacuum 
is  given  by  the  expression 

=  l2D  +  VvAd^J^-  (*2) 


=  X2D  +  ^ K4C(^)  -«F(X  +  (14) 

where  X2D  =  V%(-L/2)  +  AV2(-L/1)  is  the  affm- 
ity  energy. 

Dependences  of  the  dimensionless  potential 

barrier  =  on  distances  =  — 

r  ^0 

in  vacuum  in  the  external  electric  field 
F=5-10’  V/cm  (curve  1)  and  F=10*  V/cm  (curve  2) 
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near  the  QID  layer  (L  =  3.3/1)  and  m  -ao,  L>  ao 
on  the  metal  cm'^)  are  plotted  in  Fig. 3. 

The  dependences  of  the  potential  barrier 

WA  dC.P)  =  in  the  absence  of  metal 

coat  are  shown  by  dashed  lines. 

It  is  seen  that,  with  increasing  effective  screen¬ 
ing  radius  in  the  QID  zone  of  the  adsorbate,  the 
influence  of  the  metal  substrate  (its  electronic 
structure)  on  the  formation  the  potential  barrier 
in  the  external  electric  field  AK/(x,F)  increases. 

Increasing  of  the  surface  degree  coating  0  >  0c 
contributes  to  the  filling  of  higher  levels  in  the 
layer.  It  can  lead  to  the  appearance  of  oscillations 
in  dependence  of  the  emission  current  jN(P)  from 
the  SQ  metallic  coat. 

It  should  be  noted  that,  in  the  framework  of  a 
nonlocal  electrostatic  the  method  presented  for 


the  determination  of  the  potential  barrier  form  in 
an  external  electric  field  F  can  be  used  for  the 
calculation  of  current -volt age  characteristics  of 
metal  emitters  with  dielectric  coats,  dipoles  coats, 
etc. 
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BjiHHHHe  TOHKHX  OJICHOK  c  2D  noBcpxHOCTHOH  30Hoii  B  azicopSaxe 
Ha  noxeHUHajibHbiH  6apbep  bo  BHCUiHeivf  MarHHXHOM  nojie 

C.r.HubHeHKO,  A.A.CaBOH 


C  npHNieHCHHCM  TeopeTHHeCKHX  MCTOnOB  HeJlOKaJIbHOH  3JieKTpOCTaTHKH  nOJiyHCHO  Bbipa}KeHHe 
noTenuHajia  npoHHKHOBeHHa  BHeumero  ajieKTpHuecKoro  noJiJi  b  tohkhc  ojichkh  MeTajuiOB 
(nojiyMexajiJioB  hjih  BbipoKncHHbix  nojiynpoBonnHKOB),  cneKxp  sJieKxpOHOB  b  Koxopbix 
pasMepHOKBaHXOBaH.  LtojiyHeHHbie  peayjibxaxbi  npHMeHenbi  nna  onpenejiCHHa  bjih5IHH5I 
ancopGuHOHHbix  noKpbixHH  c  ID  noBepxHocxHOH  30HOH  B  cjToe  ancopGaxa  na  (J)opMy  noxenuHajibHoro 
6apbepa  npH  aBXOSJieKXpOHHon  smhcchh 
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Electrochemical  microscopy:  conductometric 
measurements 

V.I.Strikha  and  I.E.Konovalov 

T.Shevchenko  Kiev  University,  64  Vladimirskaya  St.,  252017  Kiev,  Ukraine 

The  application  of  electrochemical  microscopy  in  association  with  conductometry  for  evaluation  of 
thickness  of  biosensor  membrane  (enzyme-albumin  one  cross-linked  with  glutaraldehyde)  in  aqueous 
substrate  solution  is  presented.  It  turned  out  that  the  reactive  component  of  tip  current  is  the  most  sensitive 
for  the  position  of  the  tip  inside  the  membrane. 

KoHflyKTOMerpHHHi  BHMipH  3a  AonoMoroK)  eneicrpoxiMiHHoro  MiKpocKony  6yjiH  BHKOpHcraHi  zyw 
3HaxoA}KeHHa  TOBiiiHHH  MeM6paHH  6ioceHcopa  Ha  ocHOBi  aJibGyMiHy  6e3nocepe,aHbo  y  po6oHOMy 
po3HHHi  (KajiiH(})oc<|)aTHHH  6y(j)ep).  L(e  ;^aJIo  3Mory  BpaxyBaTH  p036yxaHH5i  MeM6paHH.  BHMipH  Ha 
3MiHHOMy  crpyMi  fl03BOJWiOTb  JierKO  BH3HaHHTH  nojioaceHHfl  Me)Ki  ejieKTpojiiT-MeM6paHa. 

Introduction 

The  development  of  electrochemical  microscopy 
technique  gave  one  more  powerful  instrument  for 
an  investigator  in  the  field  of  processes  in  the  poly¬ 
mer  films.  Due  to  small  tip  size,  the  local  determina¬ 
tion  of  vast  number  of  the  object  parameters 
became  possible.  The  specific  difficulty  of  biosen¬ 
sors  is  their  swelling  in  substrate  solution  where  the 
sensor,  operates.  Because  of  this  swelling,  even  the 
determination  of  film  thickness  causes  difficulties. 

But  for  local  measurements  in  biosensors  one  must 
know  reliably  at  least  the  position  of  film-solution 
interface,  and  therefore,  the  film  thickness.  It  has 
been  known  that  the  position  of  such  interface 
could  be  easily  defined  by  means  of  electrochemical 
microscopy  if  the  conditions  of  charge  transfer  in¬ 
side  the  film  differ  from  that  outside  of  it.  Such 
measurements  in  so-called  feedback  mode  were  de¬ 
scribed  in  [1-3].  There  was  no  charge  transfer  if 
electrode  was  outside  of  the  film.  However,  there 
was  mechanism  of  charge  transfer  involving  media¬ 
tor  (a  species,  which  can  get  charge  at  one  electrode 
and  them  release  their  charge  at  the  other)  inside  the 
film  while  the  liquid  (aqueous  solution  of  40  mM 
NaCI04  as  a  supporting  electrolyte,  for  example), 
which  the  film  was  placed  in,  was  almost  insulating. 

The  position  of  film-liquid  interface  could  be  de¬ 
fined  by  dipping  of  sharp  tip  in  the  film  and  meas¬ 
uring  the  current  through  this  tip  at  apphed  voltage. 


It  is  quite  clear  that  such  method  of  attack  in  the 
case  of  biosensors  which  can  operate  at  aqueous 
conditions  and  use  no  mediator  is  not  convenient. 
The  variation  of  tip  current  between  inside  and 
outside  the  membrane  ought  to  be  small,  because 
the  last  swells  significantly  and,  thus,  mostly  con¬ 
sists  of  solution.  It  turned  out,  however,  that  ap¬ 
plying  of  ac  voltage  can  make  this  measurements 
more  precise. 

Experimental 

L  Electronic  circuit 

The  schematic  diagram  of  electronic  circuit 
used  for  the  experiments  presented  in  this  paper  is 
shown  in  Fig.l.  Sinusoidally  varying  alternating 
voltage  at  a  frequency  of  799  Hz  comes  from  the 


Fig.l .  Electronic  circuit  for  conductometric  measurements. 
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oscilator  through  the  variable  attenuator  to  the 
tip  electrode.  The  tip  current  is  measured  in  the 
substrate  circuit  using  bandpass  amplifier.  The 
amplified  signal  comes  to  the  measurement  unit, 
where  its  amplitude  and  phase  with  respect  to  the 
the  reference  signal  from  the  oscillator  are  meas¬ 
ured.  The  variable  attenuator  allows  to  change 
amplified  voltage  in  order  to  minimize  it  for  each 
specific  sample  and  tip.  By  this  means,  one  can 
avoid  the  unwanted  changes  of  the  tip  due  to 
faradaic  processes,  and  besides,  that  allows  to 
measure  really  differential  values. 

2.  Tip  driver 

The  experiments  were  performed  using  mag¬ 
netoelectric  driver  schematically  shown  in  Fig. 2. 
This  principle  can  provide  wide  range  of  motions, 
unlike  the  customary  piezoelectric  one.  This  is 
very  important  for  the  measurements  in  the  rela¬ 
tively  thick  films  (biosensor  membranes  could  be 
as  thick  as  100  p  and  more).  The  deformation  of 
the  elastic  suspension  is  caused  by  electromag¬ 
netic  force  exerted  on  the  coil  with  current  in  the 
magnetic  field.  Such  driver  has  almost  linear  cur¬ 
rent-distance  dependence. 

3.  Electrochemical  cell 

Electrochemical  cell  consists  of  biosensor 
membrane  on  the  substrate  electrode  and  the  tip 
electrode.  It  operates  in  aqueous  potassium  phos¬ 
phate  buffer  solution  (pH  8.0).  The  membrane  is 
enzyme-albumin  one  cross-linked  with  glutaral- 
dehyde,  containing  glucose  oxidase  as  an  enzyme. 
The  technique  of  its  fabrication  was  described  in 
[4].  We  used  silver  plate  as  substrate  electrode. 
The  membrane  on  it  was  about  5  mm  in  diameter. 
The  tip  was  sharpened  by  electrochemical  etching 
of  110  pm  diameter  tungsten  rod  in  saturated 
aqueous  solution  of  NaOH  at  24  V  root  mean 
square  ac.  After  etching  and  washing,  tip  was  in¬ 
sulated  with  molten  paraffin  as  described  in  [2], 
The  degree  of  the  tip  insulation  was  checked  by 
dipping  it  into  conductive  liquid  and  measuring 
the  resistance  between  the  tip  and  the  liquid. 
Then  the  very  end  of  a  completely  insulated  tip 


Fig. 2.  Magnetoelectric  tip  driver. 


was  exposed  by  touching  a  hard  surface  using 
electrochemical  microscope.  The  tip  was  then 
placed  over  the  membrane  in  buffer  solution  and 
measurements  were  carried  out. 

Results  and  discussion 

Fig. 3  shows  typical  distance  dependences  of 
the  values  of  active  and  reactive  tip  current  com¬ 
ponents.  They  were  obtained  for  the  voltage  am¬ 
plitude  of  85  mV  on  the  tip.  The  distance  is 
measured  from  the  start  position  of  the  tip  out¬ 
side  the  membrane.  The  point  t/=24p  corre¬ 
sponds  to  the  beginning  of  penetration  of 
solution-membrane  interface  by  the  tip.  At 
=  44  p,  the  direct  contact  between  tip  and  sub¬ 
strate  occurs.  There  are  4  main  areas  of  curves: 
l)6/=0-24p;  tip  current  does  not  change,  be¬ 
cause  the  edge  is  outside  the  membrane.  l)d-  24^ 
32  p;  the  reactive  component  of  tip  current 
increases  due  to  penetration  of  stripped  edge 
through  the  interface  between  membrane  and  so¬ 
lution.  The  immersed  area  of  the  tip  is  increased 
and  causes  reactive  component  of  the  current  to 
fall.  3)  32-40  p;  the  stripped  edge  is  entirely 

inside  the  membrane,  so  conditions  on  its  surface 
vary  to  only  a  small  extent.  The  reactive  compo¬ 
nent  is  almost  a  constant.  4)  40-44  p;  still  un¬ 

explained  decay  of  reactive  current.  It  may  be 
connected  with  processes  on  the  substrate  elec¬ 
trode.  The  active  current  decreases  almost  uni¬ 
formly  across  the  thickness  of  the  membrane.  It 
may  be  associated  with  unhomogenity  of  the 
membrane  or  unhomogeneous  swelling  of  it. 


Fig.3.  Active  (circles)  and  reactive  (triangles)  tip  current 
components  vs.  distance.  Point  at  44  p  corresponds 
to  the  direct  contact  between  substrate  and  tip. 
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A  fall  in  reactive  current  when  measured  in¬ 
side  the  film  could  be  explained  by  the  difference 
in  the  value  of  dielectric  constant  inside  the  film. 

One  can  easily  notice  that  the  reactive  compo¬ 
nent  of  tip  current  is  the  most  sensitive  for  sub¬ 
stance  around  the  tip.  That  is  why  it  can  be  used 
for  evaluation  of  film  thickness.  In  our  case,  it  is 
about  20  pm  thick.  The  accuracy  of  these  meas¬ 
urements  could  be  improved  by  more  careful  ex¬ 
posing  of  the  tip  so  that  it  could  remain  very 


sharp.  This  must  decrease  the  portions  2)  and  4) 
of  reactive  current  —  distance  dq)endence. 
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3jieKTpOXHMMHeCKMM  IVfHKpOCKOn:  KOHflyKTOMexpHHeCKMe 

H3MepeHHH. 

B.H.CxpHxa,  H.E.KoHOBajTOB 


KOH^iyKTOMeTpHHeCKHe  H3MepeHH5I  C  nOMOlUbK)  SJieKTpOXHMHHeCKOrO  MHKpOCKOna  6bIJlH 
Hcnojib30BaHbi  AJia  onpeACJieHHfl  TOJimwHbi  MCMfipaHbi  6HoceHCopa  Ha  ochobc  ajibfiyMHHa 
Henocpe;tcTBeHHO  b  pafioHCM  pacTBope  (KajiHH(j)oc4)aTHbiH  6y(J)ep).  3to  no3BOJiHJio  ynecrb  pa36yxaHHe 
MCMGpaHbi.  H3MepeHH5i  Ha  nepeMCHHOM  tokc  no3BOJi5noT  JierKo  onpe^eoiHTb  nojiOKeHHe  rpaHHUbi 
3  jieKTpo  JiHT-M  eMfipan  a . 
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intercalation  under  action  of  magnesium  perchlorate 
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The  process  of  graphite  exfoliation  in  the  system  graphite-magnesium  perchlorate  is  shown  to  be  occur , 
in  the  strictly  defined  temperature  range  (400—440  °C),  according  to  a  new  proposed  mechanism  involving 
the  graphite  intercalation  products  as  instabie  intermediates  only. 

rioKaaaHO,  mo  npoqec  poauiapyBaHHSi  rpa(})iTy  b  cncreMi  rpa^iix — nepxjtopax  Maraiio  B  neBHOMy 
xeMnepaxypHOMy  inrepBajii  (400-^40  'C)  npoxo;tHXb  aa  cneuH(})iHHHM  MexaniaMOM,  b  SKOMy 
iHTcpKajiHqiHHi  cnoJivKH  6ep}Tb  y^iacrb  tIjibkh  hk  HecriiiKi  npoMiJKHi  npo,ii;yKTH. 


Processes  of  thermally  initiated  syntheses  of 
acceptor  type  graphite  intercalation  compounds 
(GICs)  and  exfoliated  graphite  (EG)  are  usually 
studied  and  considered  to  be  independent  proc¬ 
esses  by  virtue  of  essentially  different  temperature 
conditions  for  GICs  and  EG  formation  [I].  That 
is,  for  EG  obtaining,  the  initial  graphite  must  be 
at  first  transformed  into  GICs  and  after  that, 
thermolysis  of  the  latter  must  be  carried  out.  This 
variant  has  been  studied  for  various  graphite  (G) 
—  oxidative  reagent  (R)  systems  where  R  = 
=  HNO3,  H2SO4  —  Cr  (VI),  H2O2  —  H2SO4. 
SO3,  N2O5,  FeCIa,  etc.  [2—5]  and  implemented 
to  produce  EG  on  industrial  scale  [6]. 

We  wish  to  report  about  the  discovery  of 
graphite  (G)  —  oxidative  reagent  (R)  systems  for 
which  thermally  initiated  processes  of  GICs  and 
EG  syntheses  can  proceed  simultaneously.  Such 

systems  are  powder  graphite  —  M^'^A2  mixtures, 
where  is  an  alkali  or  alkali-earth  metal  and 
A~  is  an  anion  of  oxygen— containing  Bronsted 

acid  (N03,CI04,  etc.).  The  behaviour  of  such  mix¬ 
tures  within  a  certain  range  of  temperature  is 
similar:  graphite  gets  exfoliated  veiy  rapidly  to 
yield  EG  as  a  single  solid  carbon  product.  Outside 
of  this  temperature  range,  no  reactions  of  salt 
with  graphite  are  observed.  It  is  only  the  nature 
of  the  reactant  R  that  defines  numerical  values  of 
the  temperature  range  and  the  exfoliation  degree 
estimated  by  Kw  (i.e.  exfoliation  coefficient). 
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Experimental  dependences  of  Ky  on  tempera¬ 
ture  and  salt  concentration  for  powder  graph¬ 
ite  —  M^M2  mixtures  are  shown  in  Fig.l. 

While  studying  the  thermally  initiated  processes 
for  graphite-oxidant  systems  in  order  to  identify  the 
mechanism  of  GICs  and  EG  formation  and  re¬ 
agents  properties  which  are  responsible  for  their 
thennal  behaviour,  we  carried  out  detailed  thermal 
analytical  and  kinetic  investigations  on  the  decom¬ 
position  of  magnesium  perchlorate  and  its  mixtures 
with  graphite  in  temperature  range  of  150 — 500  °C 
using  the  techniques  of  isothermal  kinetics,  differ¬ 
ential  thermal  analysis  (DTA),  and  thermo- 
gravimetric  analysis  (DTG). 

Ail  acceleration  of  the  thermolysis  reaction 
for  mixtures  is  obser/ed  (Fig. 2),  The  main  peaks 
of  decomposition  shift  to  low  temperature  region. 

According  to  DTA  data,  there  are  two  main 
non-additivity  areas  for  the  decomposition  of 
Q — Mg(Ci04)2  mixtures  in  comparison  with  de¬ 
composition  of  individual  salt  (Fig.3): 

1.  In  the  temperature  region  of  250 — 380  °C, 
all  the  main  reactions  of  graphite  interaction 
with  salt  occur. 

We  suggest  that  the  active  species  which  oxidize 
the  graphite  and  the  anions  that  intercalate  result 
from  salt  decomposition.  Their  lifetime  is  sufficient 
to  interact  with  graphite  following  GIC  formation. 

For  the  reaction  of  graphite  with  anhydrous 
Mg(C  104)2,  the  mechanism  of  GIC  formation  is 
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temperature,  °C  salt  content,  wt.% 

Fig. I.  Effects  of  temperature  and  salt  content  on  the  ratio  for  G — Zn(N03)2  {a)  and  G — Mg(N03)2  (A) 

mixtures. 


mg/g-min 


Fig. 2.  Temperature  dependences  of  mass  loss  rate 
(ffm)  for  magnesium  perchlorate  {a)  and  its  mixture 
with  graphite. 


intensity  of  DTA  peak 


100  300  500  600  T,  X 

Fig. 3.  Data  of  differential  thermal  analysis  for  ther¬ 
molysis  of  Mg(C  104)2  and  its  mixture  with  graphite. 


proposed  which  involves  a  chloromum  cation  as 
an  oxidant  of  graphite  layers  and  chlorooxygen- 

containing  anions,  e.g.  CICX,  which  are  able  to 
intercalate.  It  is  postulated  that  this  is  due  to  the 
formation  of  a  melt  in  which  the  decomposition 

of  Mg(CI04)2  leads  to  CIOj  according  to  an 
autoionization  equilibrium  of  the  type  (1)  [7]. 

cio;  C103  +  o’  (1) 

Thus,  although  total  melting  of  the  reactants 
is  evidently  not  a  prerequisite  for  reaction,  partial 
melting  at  the  magnesium  perclorate  and  graphite 
interface  probably  does  occur  and  it  affects  the 
GICs  formation.  This  fact  is  not  excluded  by 
DTA  evidence. 

Defects  in  the  natural  graphite  act  as  ac¬ 
ceptors  of  active  oxygen  and  lead  to  oxygen-con¬ 
taining  functional  groups  that  shift  the 
equilibrium  (1)  to  the  right.  An  indirect  proof  of 
such  supposition  is  burnout  of  a  portion  of 
graphite  to  CO  and  CO2,  which  is  in  linear  de¬ 
pendence  on  Mg(CI04)2  content  (Fig.4). 

These  intermediate  products  of  G— Mg(CI04)2 
system  thermolysis  reacts  with  graphite  in  a  melt  or 
gaseous  phase  according  to  the  scheme: 

Cn  +  CIO+  c;;  +  CIO3  (2) 

c+  +  cio;  -►  c+cio;  (?) 

2.  In  the  temperature  region  of 400 — 440  ""C,  a  ther¬ 
mal  e>q)ansion  ^ect  is  observed  and  EG  is  formed.  The 
DTA  data  indicate  a  powerful  exothennic  peak.  This 
peak  is  to  be  attributed  to  the  decomposition  of  the 
mixture  componaits  with  irreversible  exfoliation. 

According  to  preliminary  studies,  the  rate  of 
GIC  formation  from  graphite  is  lower  or  equal  to 
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EG  +  gaseous  products 


RC  +  gaseous  products 


The  kinetic  model  includes  the  following  steps: 

1  —  an  oxidation  of  graphite  polyarene  layer  to  the  macrocation  Cn  or  radical  cation  Cn ; 

2  —  GIC  formation  as  intermediate; 

3  —  exfoliation  of  GIC  resulting  in  EG  formation; 

4  _  decomposition  of  GIC  to  residue  compounds  RC  without  exfoliation  (/c3  »  ^4). 


Fig. 4.  Plot  of  graphite  bum  out  versus  magnesium 
perchlorate  content  for  "G— Mg(C104)2"  mixture 
(from  TG  data). 

its  conversion  rate  to  EG  for  thermolysis  of  G— 
Mg(CI04)2  mixtures  at  300 — 400  ‘^C.  So,  it  is  sug¬ 
gested  that  an  exfoliation  in  these  systems 
proceeds  according  to  early  described  scheme  of 
direct  oxidative  conversion  of  graphite  to  EG 
(DOC-process)  with  EG  formation  in  graphite  re¬ 
actions  with  oxidants  without  obtaining  and  iso¬ 
lation  of  specified  GIC  (GIC  appears  as  a  very 
unstable  intermediate  only)  [8]. 

Conclusion 

p  G — Mg(CI04)2  system  does  belong  to  bi¬ 
nary  systems  in  which  the  components  being  inert 


themselves  are  able  to  interact  under  strictly  de¬ 
fined  temperature  conditions. 

2.  A  novel  mechanism  of  EG  formation,  dif¬ 
ferent  from  early  known  one,  is  assumed  for  the 
system  under  investigation,  in  which  intercalation 
compounds  exist  in  the  form  of  an  unstable  inter¬ 
mediate  only. 

3.  The  possibility  of  a  new  way  for  formation 
of  acceptor  graphite  intercalation  compounds  has 
been  shown  for  powder  mixtures  of  graphite  with 
alcaline-earth  metal  perchlorates  by  a  purely  ther¬ 
mal  process  (instead  of  the  usual  chemical  or  elec¬ 
trochemical  oxidation  assistance)  when  active 
species  which  are  able  to  interact  with  graphite 
appear  as  a  result  of  initial  salt  decomposition. 

4.  Exceptionally  high  values  of  350 — 

400  cm^/g  for  investigated  G--Mg(CI04)2  system  are 
assumed  to  have  application  in  practice  in  the  range 
areas  where  GICs  are  used  now  for  obtaining  EG. 
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HoHooSivieHHbie  npoueccbi  he  noBepxHOCTH  rpa(t)HTa  npH 
HHTepKajiiiuHH  noA  AeficTBiieM  nepxjiopara  MarHHfl 

C.B.JIk)6hhk,  B.B.UIanpaHOB 

noKa3aHO,  HTO  nponecc  paccjioeHna  rpa4)HTa  b  chctcmc  rpa(J)HT— nepxjiopax  MarnuH  b 
onpe^ejieHHOM  TeMnepaxypHOM  HHxepBajie  (400 — 440  °C)  npoxozi;HX  no  cneuH(|)HHecKOMy  MexaHH3My, 
BKJiioH aiou^eM y  HHxepKajinuHOHHbie  coej^^HHCHHH  JiHUib  B  KaHecxBe  hccxohkhx  npoMe^yxoHHbix 
npoAyKXOB. 
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The  spectral  properties  of  the  anthraquinone  dye  (AD)  Langmuir-Blodgett  (LB)  layers  have  been 
studied.  It  follows  from  the  analysis  of  absorption  and  reflection  spectra  that  there  are  dimers  which  are 
the  structural  elements  of  the  layers  under  investigation.  At  temperature  decreasing  to  4.2  K,  an  "excimer- 
like"  fluorescence  appears  in  radiation  spectra  ofthe  AD  LB  layers.  The  relative  importance  of  the  exdmer, 
prodimer,  and  dimer  states  in  the  Langmuir  film  of  dye  is  discussed.  At  low  temperatures,  an  intensive 
band  appears  in  the  reflection  spectra  of  the  multilayer  LB  films,  which  is  to  be  associated  with  the 
J-aggregates  existence.  The  properties  of  the  J-band  in  the  AD  LB  layers  is  discussed. 


J^ocjii/t^eno  cneKTpajibHi  BJiacTHBocri  uiapiB  JlenrMiopa-BjiOAJKeTT  (JIB)  aHTpaxinoHOBoro  fiapBHHxa 
(AB).  I3  anaJiisy  cneiopiB  norJinnaHH^  i  bI^^Ghtth  BHnjiHBae,  mo  crpyKxypHHMH  ejieMeHxaMH  JIB  hjiibok 
e  AHMepH.  npH  SHHXceHHi  xeMnepaxypH  j},o  4,2  K  y  cneKXpax  (JiJiyopecueHuii  JIB  uiapiB  AB  np05ffiJiHexbC5i 
"eKCHMepono;ti6He"  BHnpoMiHK)BaHH5i.  06roBopioexbC5i  Micqe  eKCHMepHHX,  nepemtWMepHHX  xa 
flHMepHHX  cxaniB  y  jienrwiopiBCbKiH  njiiBqi  6apBHHKa.  IIpH  HHSbKHX  xeMnepaxypax  y  cneKxpax  Bi^nfiHxxa 
GaraxomapoBHX  JIB  hjiIbok  BHHHKae  iHxencHBHa  cMyra,  mo  noB’5i3yexbCH  3  icnyBaHHHM  J-arperaxis. 
06roBopK)K)XbC5i  BJiacxHBocxi  J-CMyxH  y  JIB  inapax  AB. 


The  recent  comprehensive  studies  have  shown 
that  the  molecularly  ordered  Langmuir-Blodgett 
(LB)  mono-  and  multilayers  exhibit  very  interest¬ 
ing  linear  and  nonlinear  optic  properties  which 
may  have  a  widespread  use  [1].  These  highly  or¬ 
dered  molecular  structures  are  of  paramount  in¬ 
terest  due  to  the  perspectives  of  their  use  in  the 
molecular  electronics  as  the  basic  functional  ele¬ 
ments  for  new  generations  of  electronic  devices 
[1,2].  The  initial  stage  in  the  solution  of  this  prob¬ 
lem  consists  in  the  study  of  the  structural  and 
electronic  properties  of  LB  layers. 

In  this  work,  the  absorption,  reflection,  and 
time-resolved  fluorescence  spectra  at  300,  77,  and 
4.2  K  were  studied  for  Langmuir  films  consisting 
of  an  anthraquinone  dye  (AD)  molecules. 

To  ©btain  the  multilayer  structures,  the  Lang¬ 
muir-Blodgett  and  Langmuir-Schaeffer  methods 
were  used.  The  monolayers  were  transferred  from 
the  water  surface  at  the  pressure  of  13  din/cm. 
The  absorption  and  reflection  spectra  were  meas¬ 
ured  at  normal  light  incidence  on  the  film  plane. 


To  study  the  kinetics  and  spectra  of  the  time-re¬ 
solved  fluorescence,  a  stroboscopic  recording  sys¬ 
tem  was  used  having  nanosecond  resolution.  The 
fluorescence  was  excited  by  nitrogen  laser 
LGI-21.  The  time-resolved  fluorescence  spectra 
were  recorded  in  the  maximum  of  the  laser  pulse 
through  the  SPM-2  monochromator. 

Absorption  and  reflection  spectra 
of  LB  films 

In  [3],  the  spectral -luminescent  characteristics 
of  the  AD  solution  were  investigated.  It  was  es¬ 
tablished  that  it  is  anthraquinone  group  incorpo¬ 
rating  the  intramolecular  hydrogen  bond,  which 
is  the  chromophore  determining  the  optical  prop¬ 
erties  of  the  molecules  under  question  in  the  con¬ 
sidered  spectral  range.  Therewith,  the  dipole 
moment  of  the  optical  transition  is  directed  along 
the  short  axis  of  that  group.  A  characteristic  fea¬ 
ture  of  the  AD  spatial  configuration  is  that  one  of 
amide  groups  contained  in  the  molecule  may 
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Fig.  1 .  Anthraquinone  dye  (AD)  molecular  structure. 

form  the  intramolecular  hydrogen  bond  with  the 
oxygen  atom  of  the  anthraquinone  group.  This 
results  in  the  planar  position  of  the  anthraqui¬ 
none  group  and  one  of  amide  systems.  Another 
amide  group  may  rotate  around  the  single  bond 
taking  up  the  conformation  corresponding  to  the 
potential  energy  minimum.  In  Fig.l,  the  hydro¬ 
gen  bonds  mentioned  are  shown  by  dashed  lines. 

When  passing  from  the  AD  solutions  (Fig. 2, 
curve  1)  to  the  LB  films,  in  the  absorption  spectra 
of  the  latter  measured  at  300  K  (Fig. 2,  curves  2  to 
4),  a  significant  long-wave  shift  is  observed 
(curves  3  and  4  are  the  absorption  spectra  of  X- 
and  Z-type  monolayers,  respectively;  curve  2, 
that  of  twelve-layer  X-type  film).  In  the  LB  layers 
absorption  spectra,  the  bands  having  maxima  at 
623;  577,  and  535  nm  can  be  distinguished.  The 
comparison  of  the  absorption  and  reflection  spec¬ 
tra  taken  at  300  and  4.2  K  shows  that  the  above- 
mentioned  bands  are  doubled.  Their  splitting 

D,  a.u. 


Fig. 2.  Absorption  spectra  of  the  AD  solution  in  diox- 
ane  (C^IO'"*  M)  (curve  1)  and  of  LB  films:  12-layer 
(curve  2)  and  monolayers  of  X-  and  Z-type 
(curves  3,4  respectively)  at  r=300  K. 


makes  itself  evident  more  distinctly  in  Fig. 3, 
where  the  absorption  spectrum  (curve  1)  and  re¬ 
flection  one  (curve  2)  of  LB  layers  at  4.2  K  are 
shown.  Such  spectral  features  are  known  [4]  to  be 
characteristic  for  the  physical  dimers,  namely  for 
such  ones  in  which  the  transition  moments  of 
molecules  constituing  the  dimer  are  not  parallel 
but  positioned  at  a  certain  angle  to  each  another. 
It  is  just  the  case  when,  at  the  dimer  formation, 
the  splitting  of  the  first  excited  level  of  monomer 
into  two  levels  [4]: 

where  p  is  the  energy  of  the  resonance  molecular 
interaction  in  the  dimer;  W,  the  energy  of  Cou- 
lombian  interaction  between  distributed  charges 

of  the  first  excited  molecule  having  energy  Pa, 
and  the  unexcited  second  one  with  energy  Ei. 

At  the  consideration  of  AD  molecules  [3], 
their  optical  properties  in  the  spectral  area  under 
question  were  shown  to  be  determined  mainly  by 
the  anthraquinone  groups;  in  those,  the  first  elec¬ 
tron  transition  is  polarized  along  the  short  axis  of 
the  7t-electron  system.  Therefore,  the  dimers  in 
the  LB  films  being  studied  are  likely  to  be  the  AD 
molecules  pairs,  in  which  the  mutual  disposition 
of  molecules  is  determined  by  the  anthraquinone 
groups  orientation. 

The  temperature  lowering  to  4.2  K  causes  an 
additional  splitting  of  bands  in  adsorption  and 
reflection  spectra  (Fig.3).  The  absorption  spec¬ 
trum  of  the  X-  and  Z-type  monomolecular  film 
consists  of  three  bands  groups  with  gravity  cen¬ 
ters  at  623;  574,  and  532  nm,  in  which  the  cychc 
vibration  with  v«1400  cm‘^  is  manifested.  Each  of 
the  band  is  splitted.  The  additional  maxima  are 


R,  a.u. 


Fig.3.  Absorption  spectrum  of  the  monolayer  X-  and 
Z-type  film  (curve  I)  and  reflection  spectrum  of  the 
multylayer  LB  film  at  7=4.2  K. 
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defined  particularly  clearly  within  the  first  band 
group:  at  633;  629;  618,  and  614  nm.  In  general, 
the  whole  absorption  spectrum  can  be  divided, 
conventionally,  into  A  and  B  series  of  doublet 
bands.  In  Fig.3,  they  are  displayed  by  vertical 
solid  and  dashed  lines;  the  splitting  value,  2p,  is 
approximately  380  cm'^  between  the  series  and 
near  to  100  cm'^  within  a  series.  When  the  num¬ 
ber  of  layers  increased  (the  structures  constitued 
of  3;  6,  and  12  layers  were  investigated),  in  the 
reflection  spectrum  at  4.2  K,  a  significant  inten¬ 
sity  increase  and  a  weak  long-wave  shift  were  ob¬ 
served  for  the  band  having  638  nm  maximum. 

The  double  splitting  of  the  absorption  bands 
of  LB  films  at  low  temperatures  can  be  assotiated 
with  the  arise  of  two  dimer  types  for  which  the 
stable  configurations  exist  at  different  ©  angles 
between  the  vectors  of  transition  moments  in  the 
7c-electron  systems  of  molecules  forming  the  di¬ 
mer.  According  to  [4] 

©  «  arccos[(A/-p/?W/3]‘^ 

where  R  is  the  distance  between  the  centers  of 
dipoles;  M,  the  transition  dipole  moment  for  the 
molecule. 

The  above-mentioned  absorption  spectrum 
bands  in  the  range  /u<635  nm  at  4.2  K  (Fig.3, 
curve  1)  can  be  related  to  the  reflection  spectra 
bands  having  maxima  whether  coincident  with 
those  of  absorption  bands  or  shifted  slightly  to 
the  short-wave  range. 

The  most  intensive  band  of  reflection  spectra 
having  the  maximum  at  638  nm  has  yet  no  ana¬ 
logues  in  the  absorption  spectra.  It  follows  from 
this  fact  that,  in  LB  layers,  some  structures  exist 
which  do  not  show  up  by  absorption  but  manifest 
themselves  in  the  reflected  light.  Such  structures, 
in  our  opinion,  may  present  single-dimensioned 
chain-like  formations  arising  in  the  films  due  to 
hydrogen  bonds  between  the  neighbouring  amide 
groups.  In  this  case,  when  the  electric  field  vector 
of  the  impinging  electromagnetic  wave  is  parallel 
to  the  chain  direction,  the  reflection  (Ry)  and  ab¬ 
sorption  (k||)  coefficients  have  maximum  values, 
and  vise  versa.  Yet  the  electromagnetic  wave  hav¬ 
ing  electric  field  vector  perpendicular  to  the  chain 
direction  "lights  over"  the  absorption  band  with 
Kj|  at  the  measuring  of  AD  transmission  spectra 
because  the  absorption  is  very  weak;  therefore, 
this  latter  band  does  not  reveal  in  the  absorption 
spectra.  In  the  same  time,  the  intensive  reflection 
band  (R|j)  is  recorded  without  any  distorsions. 


Fluorescence  of  mono-  and 
multilayer  LB  films 

In  Fig.4,  the  fluorescence  spectra  of  AD  solu¬ 
tion  (curve  1)  as  well  as  those  of  mono-  (curve  2) 
and  multilayer  LB  films  of  AD  (curve  3  for  3;  6, 
and  12  layers;  curve  4  for  32  layers)  at  300  K  are 
shown.  In  the  fluorescence  spectra  of  X-  and 
Z-type  monomolecular  layers  which  coincident 
with  each  other  (curve  2),  the  bands  at  635  nm 
(15750  cm'*)  and  697  nm  (14350  cm'*)  can  be  rec¬ 
ognized,  Av«1400  cm'*.  The  comparison  with  the 
corresponding  absorption  spectra  (see  Fig. 2) 
makes  evident  a  significant  overlapping  between 
the  short-wave  fluorescence  band  (635  nm)  and 
the  long-wave  one  of  the  absorption  spectrum 
(632  nm,  corresponding  to  0-0).  This  fact,  as  well 
as  the  mirror  symmetry  of  the  absorption  and 
fluorescence  spectra  and  the  manifestation  of  a 
common  cycle  frequency  Av»1400cm’*  indicate 
that,  at  300  K,  the  same  centers,  namely  AD  di¬ 
mers,  absorb  and  emit  in  the  AD  layers.  At  4.2  K, 
an  essential  change  of  the  film  emission  spectral 
composition  occurs  (Fig.4,  curve  5).  The  fluores¬ 
cence  spectrum  of  AD  layers  is,  in  this  case,  a 
broad  band  having  "the  gravity  center"  near  to 
700  nm,  with  ma?^a  at  695  and  732  nm  standing 
out  on  its  background.  When  the  films  are  heated 
to  300  K,  the  intensity  of  the  long-wave  emission 
with  a  structureless  spectrum  decreases  signifi¬ 
cantly.  Yet,  the  absorption  spectra  do  not  change 
essentially  at  the  transition  from  300  to  4.2  K  and 
back.  This  indicates  that,  at  low  temperatures,  the 
transition  of  initially  excited  centers  to  excited 
states  of  lower  energy  takes  place.  From  the  ap¬ 
pearance  of  the  spectrum  and  its  important  shift 
in  relation  to  the  absorption  one,  a  supposition 
can  be  made  that  those  states  are  of  excimer  na¬ 
ture.  It  should  be  noted  that  similar  spectral  fea¬ 
tures  have  been  observed  for  tetracene  dimers 
dispersed  in  a  polymer  matrix  [5].  Those  authors 

Ifi.a.u. 


Fig.4.  Fluorescence  spectra  of  the  AD  solution 
(curve  1),  mono-  (curve  2)  and  multilayer  LB  films 
(curve  3  for  3,6,  and  1 2  layers,  curve  4  for  32  layers) 
at  T=300  K  and  of  monolayer  film  at  7^4.2  K. 
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concluded  that,  at  low  temperatures,  dimeric 
states  may  arise  in  tetracene  pairs  after  an  excita¬ 
tion  of  one  tetracene  molecule,  such  states  corre¬ 
sponding  to  the  potential  energy  minimum  of 
such  a  pair.  The  part  played  by  low  temperature 
is  that,  in  such  a  case,  the  dimers  of  that  type  do 
not  destruct  because  of  the  heat  motion.  Similar 
to  the  case  of  AD  LB  layers,  in  the  "excimer-like” 
spectra  of  tetracene  pairs,  a  weakly-expressed 
structure  was  observed  assigned  to  the  formation 
of  variously  configurated  excimer. 

In  our  opinion,  the  excimer-like  states  are  re¬ 
sponsive  for  the  low-temperature  fluorescence  in 
the  AD  films,  too.  At  the  formation  of  the  AD 
layers,  a  certain  number  of  the  pre-excimer  pair 
may  form  initially.  When  the  temperature  de¬ 
creases,  the  spatial  rapprochement  of  molecules 
constituting  a  pair  becomes  possible  due  to  the 
thermal  contraction  or  a  phase  transition.  As  a 
result  of  such  an  evolution,  the  excimer  arises, 
which  absorbs  energy  as  a  single  molecule  but 
emits  similar  to  a  dimer.  In  a  film,  there  is  some 
distribution  of  excimer  configurations  having 
their  own  emission  frequencies,  which  manifests 
itself  as  the  unresolved  spectrum  of  low-tempera¬ 
ture  fluorescence.  The  long-wave  background 
(X>650  nm)  in  the  low-temperature  absorption 
and  reflection  spectra  of  LB  films  (Fig. 3)  indi¬ 
cates  the  existence  of  pro  dimer  state  where  the 
molecules  in  a  pair  are  approached  more  closely 
each  other  then  in  an  excimer.  This  fact  shows 
that  prodimer  centers  become  active,  at  low  tem¬ 
peratures,  already  in  the  ground  state.  In  such  a 
case,  the  prodimer  states  may  serve  as  the  traps 
for  the  excitation  energy  of  single  molecules  and 


Fig.5.  Scheme  of  the  AD  molecules  distribution  in 
the  monolayer  presented  as  the  layer  section  by  two 
perpendicular  planes. 


excitons  and  transform  that  energy  to  long-wave 
spectral  range. 

Proposed  structure  of  LB  film 

The  investigation  results  of  the  AD  LB  films 
spectral  properties  indicate  that  AD  molecules 
fonn  in  those  layers  excimer,  prodimer,  and  di¬ 
mer  states.  Excimers  manifest  themselves  in  the 
fluorescence  spectra  at  liquid  helium  tempera¬ 
tures  while  pro  dimer  states  are  active  already  in 
the  absorption  and  reflection  spectra.  The  dipole 
moments  of  transition  to  the  lowest  excited  states 
for  the  AD  molecules  constituting  dimers  are  po¬ 
sitioned  at  an  angle  ©  different  of  180  For  an¬ 
thracene  dimers,  the  ©  angle  was  shown  [6,7]  to 
be  close  to  60  If  we  admit  the  same  ©  value  for 
AD  dimers  and  take  into  account  the  AD  mole- 

0 

cule  length  d-\9  A  [8],  we  can  suppose  the 
scheme  of  the  AD  molecules  disposition  in  the 
layer;  that  scheme  is  presented  in  Fig.5  as  the 
section  of  the  layer  by  two  mutually  perpendicu¬ 
lar  planes.  It  follows  from  Fig.5, a  that  the  LB 

o 

monolayer  thickness  {d)  must  be  equal  to  16  A. 
This  estimation  is  consistent  with  the  double  AD 

o 

layer  thickness  d=19  A  given  in  [8].  For  the 

o 

monolayer  i/=14.5  A,  counting  not  the  interpene¬ 
tration  of  the  layers.  As  is  seen  from  Fig.5,Z7,  the 
long  axes  of  AD  molecules  are  disposed  at  an 
angle  to  each  other,  what  results  in  the  formation 
of  another  type  dimers  in  the  layer. 

Let  us  consider  the  nature  of  the  band  having 
maximum  at  638  nm  in  the  reflection  spectrum, 
taken  at  4.2  K.  Attention  must  be  drawn  to  its 
spectral  features.  This  band  appears  at  low  tem¬ 
peratures  only;  at  300  K,  the  reflection  spectra  do 
not  contain  it.  When  the  multilayer  thickness  in¬ 
creases,  the  intensity  of  that  band  becomes  con¬ 
siderably  higher.  So,  if  the  LB  film  consists  of  3 
layers,  the  intensity  of  the  band  under  question 
and  that  of  nearest  to  it,  the  most  intense  reflec¬ 
tion  band  at  633  nm  are  equal.  In  the  film  of  12 
layers,  the  intensity  of  the  638  nm  increases  sig¬ 
nificantly,  the  633  nm  reflection  band  being  rec¬ 
ognizable  on  the  background  of  the  former  as  a 
slight  shoulder.  In  the  band  under  discussion,  the 
excitation  of  the  strong  polarizability  Aa  was  ob¬ 
served,  which,  for  the  20 -layer  LB  film  of  AD, 
exceeds  the  monolayer  Aa  by  three  decimal  or¬ 
ders  [8].  It  should  be  noted  that  the  above-men¬ 
tioned  properties  of  the  reflection  band  with 
maximum  at  638  nm  (high  intensity;  a  large  long¬ 
wave  shift  and  small  half-width;  the  temperature- 
dependent  intensity;  anomally  great  values  of  the 
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non-linear  interaction  parameters)  are  charac¬ 
teristic  for  the  low-dimensional  coherent  struc¬ 
tures,  called  J-aggregates.  There  is  a  high 
probability  that  the  AD  J-aggregates  arise  in  LB 
films,  perhaps  involving  the  hydrogen  bonds  be¬ 
tween  amide  groups  of  the  dye  molecules. 

The  J-aggregation,  indeed,  has  been  revealed 
and  studied  [9-11]  in  the  LB  films  of  an  an- 
thropyrimidine  (AP)  dye  having  molecular  struc¬ 
ture  similar  to  that  of  AD.  The  excitation  of 
anomally  high  polarizability  of  the  aggregates 
was  observed  (Aa«6*10'^*  cm^  [1  Ij).  This  has  been 
assigned  to  the  electron  excitation  delocahzation 
on  an  aggregate  consisting  of  6  to  8  molecules 
[10].  The  temperature  dependence  of  the  aggre¬ 
gate  J-band  intensity  and  half-width  can  be  ex¬ 
plained  similar  to  the  above-mentioned  prodimer 
states  formation  in  LB  films  of  AD,  or,  alterna¬ 
tively,  in  terms  of  the  concept  of  the  heat-local¬ 
ized  exciton  excitation  in  an  associate  [12]. 
According  to  that  concept,  not  all  aggregated 
molecules  but  the  coherently  bounded  ones  con¬ 
tribute  to  the  aggregate  spectral  characteristics; 
the  number  of  such  molecules  depends  on  tem¬ 
perature  [10].  The  J-band  amplification  with  the 
growing  number  of  AD  LB  layers  can  be  associ¬ 
ated  with  the  increase  of  molecular  interaction 
between  the  aggregate  piles  belonging  to  neigh¬ 
bouring  monolayers.  In  this  case,  the  two-dimen¬ 
sional  J-aggregate  must  be  considered  where  the 
interaction  between  linear  piles  plays  a  substan¬ 
tial  part.  It  is  shown  [13]  that  such  interaction 


extends  the  possibilities  of  J-aggregates  forma¬ 
tion.  Thus,  the  J-aggregate  structure  becomes  as¬ 
sociated  to  the  linear  molecular  piles  interacting 
between  themselves.  Perhaps  the  molecules  in  the 
piles  are  disposed  not  fully  equivalently  but  at 
certain  angles  (see  Fig.5)  which  causes  splitting  in 
the  reflection  and  absorption  spectra. 

References 

1.  L.M.Blinov,  Usp.Fiz.Nauk,  155, 443  (1988). 

2.  N.G.Rambidi,  V.M.21ainalin,  Poverkhnost\  No. 8,  5 
(1986). 

3.  Yu.P.Piryatinsky,  V.N.Yashchuk,  S.G. Yudin, 

S.P.Palto,  Ukr,Fiz.Zhum.,Zl,  395  (1992). 

4.  M.Poupe,  Ch.Swenberg,  Electronic  Processes  in  Or¬ 
ganic  Crystals,  Oxford  Univ.Press  (1982)  Vol.l. 

5.  MJanone,  G.W.Scott,  Chem.PhysLett,,  171,  569 
(1990). 

6.  J.Ferguson,  A.W.-H.Mau,  J.M.Morris,  Austral  J. 

26,  91  (1979). 

7.  T.T.Nakashima,  U.W.Offen,  IChem.Phys.,  48, 4817 
(1968). 

8.  L.M.Biinov,  S.P.Palto,  S.G. Yudin,  Opt.  i  Spektr.,  64, 
579(1988). 

9.  Yu.P.Piryatinsky,  O.V.Yatsun  et  al.,  Ukr.Fiz.Zhum., 

38, 1697(1993). 

10.  Yu.P.Piiyatinsl^,  O.V.Yatsun,  Ukr.Fiz.Zhum.,  39, 

1049  (1994). 

11.  Yu.P.Piryatinsky,  O.V.Yatsun  et  al.,  Ukr.Fiz.Zhum. 

(to  be  publ.). 

12.  H.Fidder,  J.Knoster,  A.Wiersma,  Chem.Phys.Lett., 

171, 529(1990). 

13.  V.M.Rosenbaum,  M.L.Dekhtyar,  Ukr.Fiz.Zhum.,  38, 
1296(1993). 


BjiHflHHe  arperauHH  MOJieKyji  anTpaxHuonoBoro  Kpacnrejia  na 
cneKTpajibHbie  ceoncTBa  moho-  h  MyjibTucjioeB 
Jl3HrMiopa-£jiOA^eTT 

lO.n.riHpflTHHCKHH,  B.H.ilmyK,  O.B.illiyH 


HccjienoBaHbi  cneKTpajibHfaie  cBOHCXBa  cjioeB  JlanrMiopa-BjiOAJKeTT  (JIB)  aHxpaxHHOHOBoro 
KpacHxejin  (AK).  Hs  anajiHsa  cnexxpOB  norjioineHHn  h  oxpajKeHHn  cne^yex,  hxo  cxpyKxypHbiMH 
sjieMCHxaMH  HccjieflyeMbix  cjioeB  hbjibioxch  nuMepbi.  IIpH  noHHXceHHH  xeMnepaxypbi  no  4,2  K 
nponBJinexcH  "3KCHMeponoflo6Ha5i’'  (|)JiyopecqeHUHH.  06cy)K,qaexcH  mccxo  SKCHMepHbix,  npen;iHMepHbix 
H  nHMepHbix  COCX05IHHH  B  Ji3HrMiopoBCKOH  ujiCHKe  KpacHxeJiK.  IIpH  HH3KHX  xeMOCpaxypax  B  cneKxpax 
oxpaxceHH^  MHorocjiOHHbix  JIB  ujichok  nponBJwexcn  HHxeHCHBHa^  nojioca,  Koxopan  cB5i3biBaexc5i  c 
cymecxBOBaHHeM  J-arperaxoB.  OGcyjicnaioxcH  CBOHCxsa  J-nojiocbi  b  JIB  cjiohx  AK. 
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Heavy  metals  ion  adsorption  on  the  sorbents 
containing  lignine 


A.M.Yatsenko  and  V.M.Shmandiy 


Kharkov  Polytechnical  University,  Kremenchug  Division,  Kremenchug,  Ukraine 

The  paper  deals  with  the  process  of  heavy  metal  ions  (chromium,  nickel,  iron,  copper,  lead,  etc.) 
trapping  in  industrial  wastewaters.  A  method  is  proposed  to  obtain  a  sorbent  on  the  basis  of  hydrolysed 
lignine  production  wastes  and  high-concentrated  spent  sulphuric  acid  products.  The  sorption  capacity  of 
the  material  obtained  is  studied  as  a  function  of  temperature,  reaction  duration,  and  reagents  concentra¬ 
tions;  optimum  values  are  established  for  those  parameters.  It  is  worth  to  note  that  the  industrial  wastes 
use  for  sorbent  preparation  allows  to  reduce  significantly  the  production  cost  of  the  latter  as  compared 
to  traditional  materials. 


Po6oTa  npHCBJiHena  agcjiupkchh^im  npoqecy  yjioBinoBaHim  ioniB  BajKKHX  MerajiiB  (xpoM,  Hucejib,  3ajii30, 
cBHHeqb  Ta  in.)  y  criHHHX  Bo^ax  npoMHcnoBHX  nwnpHeMciB.  SanpononoBano  TexHOJioriio  oTpHMaHH5i 
cop6eHTa  na  ocHosi  BiAxo^iB  BHpoGnHqTBa  riApojii3Horo  Jiirniny  xa  BHCOKOKonqeHTpoBaHHX 
BiAnpaqbOBaHHX  dpnaHOKHCJiOTHHX  BiAXOAiB.  IIpoBeAeno  AocjiiA>KeHH5i  cop6qiHHoi  eMHocxi  orpHMaHoro 
Maxepiajiy  b  aajiejKHOcri  bIa  xeMnepaxypH,  nacy  peaKqn,  Konq^xpaqi!  pearenriB  xa  BCxanoBJiewo  onxHMajibHi 
3HaHeHH5i  qnx  napaMerpiB.  BiAMi^eno,  iqo  3a  paxynoK  BHKopHcxaHim  npoMHCJioBHX  BiAXOAiB  ajih  OAep)KaHH5i 
cop6eHxa  noMixHO  SHHJKeno  co6iBapxicTb  ocxaHHboro  y  nopiBHimni  3  xpaAnqiHHHMH  MaxepiajiaMH. 


Ions  of  the  heavy  metals  —  chrome,  nickel, 
copper,  lead,  iron,  etc.,  —  are  characterized  by 
high  toxicity  and,  if  brought  into  the  environ¬ 
ment,  cause  its  pollution.  The  main  sources  of  the 
heavy  metal  ions  are  the  galvanic  processes  on  the 
machine  works  and  the  sections  for  the  surface 
preparation  of  several  metals  before  various 
treatments.  The  machine  works  wastewaters  con¬ 
tent  the  above-mentioned  ions  in  considerable 
quantities,  and,  for  their  removal,  the  waters  are 
cleaned  by  several  techniques. 

The  traditional  methods  of  wastewater  treat¬ 
ment  are  based  on  the  pre-precipitation  of  heavy 
metal  ions  in  form  of  hydro xydes  with  subsequent 
final  cleaning  by  the  biochemical,  sorption,  or 
ion-exchange  methods  [1].  The  sorption  wastewa¬ 
ter  treatment  is  based  on  the  interaction  of  ions 
with  the  sorbent  active  centers.  In  this  case,  the 
bonding  energy  corresponds  to  that  of  hydrogen 
bond,  or  energy  of  weak  chemical  co-ordination 
bond  (like  to  that  of  heavy  metal  complex  com¬ 
pounds). 

It  is  noted  [1]  that  the  activated  carbons  and 
other  similar  sorbents  adsorb  the  heavy  metal 


ions  only  slightly  and,  therefore,  these  sorbents 
have  no  practical  use  in  the  wastewater  treatment 
processes.  However,  in  [2],  it  is  noted  that  it  is 
possible  to  use  the  fresh-obtained  hydrolysed 
lignine  (HL)  to  remove  the  chrome  ions  from 
water.  These  authors  believe  that  the  HL  contains 
the  active  centers  capable  to  hold  the  chrome  ions 
firmly  enough.  It  is  noted  also  [2]  that  the  HL  is  a 
natural  polymer  containing  chemically  active  aro¬ 
matic  groups. 

One  of  disadvantages  of  the  sorbent  men¬ 
tioned  consists  in  the  dependence  its  sorption 
characteristics  on  the  obtaining  and  storage  con¬ 
ditions. 

We  have  developed  the  method  of  sorbent 
production  from  the  hydrolysis  industry  wastes  in 
form  of  the  HL  and  the  high-concentrated  spent 
sulphuric-acid  product  (SSA).  The  method  con¬ 
sist  in  the  mixing  of  the  HL  and  SSA  at  70-90  °C 
for  10  to  15  min.  Subsequently,  the  reaction  mix¬ 
ture  was  neutralized  by  the  20  per  cent  aqueous 
ammonia  solution;  this  was  resulted  in  a  solid 
product  with  25  to  35  %  moisture,  which  has  used 
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Table  1.  Sorption  capacity  of  the  sorbents  on  the 
hydrolysis  lignine  base. 


Sorbent  type 

Sorbed  ion  amount, 
mg-eq./g  of  sorbent  1 

chrome 

nickel 

copper 

iron 

Initial  hydrolysis  lignine 

0.11 

0.15 

0.12 

0,16 

Sorbent  obtained  at  the 
HL/SSA  ratio  (wAv) 

1:0.4 

0.36 

0.42 

0.33 

0.46 

1:0.8 

0.63 

0.60 

0.57 

0.71 

1:1.2 

0.98 

0.92 

0.84 

0.93 

1:1.6 

1.08 

1.02 

’  0.95 

0.99 

Sorbent  modified  by 
lignosulphonates, 
HL:SSA=1:1.2 

1.36 

1.18 

1.15 

1.44 

Note:  temperature  of  treatment  85  ®C,  reaction  time  12  min. 
Lignosuphonates  amount  2  %  relative  to  HL  mass. 


as  the  sorbent  for  heavy  metal  ions.  The  experi¬ 
mental  results  are  given  in  the  Table  1 . 

The  increase  of  the  HL:SSA  ratio  enhances 
the  sorption  capacity  of  the  product  obtained  (see 
Table  1).  However,  it  seems  unpractical  to  raise 
the  SSA  amount  more  then  by  1.2  times  as  related 
to  HL,  because,  at  the  further  increase,  the  ab¬ 
sorbed  ion  amount  change  only  unsignificantly.  If 
the  reaction  temperature  exceeds  90  the  sorp¬ 
tion  capacity  of  the  product  drops  by 
1. 5-2.5  times.  The  hgnosulphohates  introduced 
into  the  sorbent  obtaining  process  enhance  the 
sorption  capacity  by  20  to  30  %. 

The  results  obtained  can  be  explained  as  fol¬ 
lows.  The  unmodified  HL  contains  a  small  num¬ 
ber  of  the  active  centers  interacting  with  the 


heavy  metal  ions,  and  that  fact  is  responsive  for 
the  low  sorption  capacity  of  the  product.  The  ad¬ 
dition  of  the  sulphuric  acid  solution  with  60  to 
80  per  cent  concentration  favours  the  increase  of 
the  active  centers  amount  due  to  the  sulphuric 
acid  reaction  with  the  aromatic  fragments  of  the 
HL  polymer  chain.  Accordingly,  the  amount  of 
the  heavy  metal  ions  adsorbed  increases  consider¬ 
ably.  Perhaps,  the  introduction  of  the  technical 
grade  lignosulphates  into  the  sorbent  preparation 
process  also  enhances  the  active  centers  amount 
increasing,  what  results  in  a  further  increase  of 
the  mass  of  ion  adsorbed. 

Thus,  the  activation  of  the  natural  polymer 
sorbents  surface  by  means  of  chemical  reagents 
gives  the  hydrophilic  character  to  that  surface,  i.e. 
enhances  the  surface  wetting,  what.,  in  turn,  as¬ 
sists  considerably  the  heavy  metal  ions  interac¬ 
tion  with  the  sorbent  surface  and  forms  the 
additional  active  centers  which  build  up  the  sorp¬ 
tion  capacityof  the  products.  The  use  of  the  pro¬ 
duction  wastes  in  the  sorbent  preparation  allows 
to  reduce  significantly  its  price  and  substantially 
eliininate  the  use  of  the  costly  ion-exchange  resins 
in  the  processes  of  the  heavy  metal  ions  removing 
from  wastewaters. 

The  further  investigations  are  desirable  to 
search  the  products  capable  to  increase  the  sorp¬ 
tion  capacity  of  the  sorbent. 
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Ilpouecc  aAcop6uHH  hohob  Tflxeenux  MerajiJiOB  na 
jiHrHHHCo^epacaiuHx  copSeuTax 

A.M.^ueHKO,  B.M.UlMaH^^HH 

Pa6ara  nocsamieHa  HccjieaoBaHHiiM  npoqecca  yjiaBJiHBaHHa  hohob  T$i)Kejii>ix  Merajuicm  (xpoM,  HHKeJib, 
)Kejie8o,  Mcwb,  CBHHeu  H  flp.)  B  CTOHHbix  Bo^ax  npoMbiuiJieHHbix  npeOTpHJiTHH,  npe;aJioxceHa  rexHOJionw 
nojiyncHKa  cop6eHTa  na  ochobc  otxoaob  npOH3BOACTBa  rHApojiH3Horo  JinrHHHa  h 
BbfWKOKOHUeHTpHpOBaHHblX  OTpa6oTaHHbIX  CepHOKHCJIOTHbIX  OTXOAOB.  npOBe^eMbl  HCCnenOBaHHX 
COpDUHOHHOH  CMKOCTH  HOJiyHCHHOIT)  MaTepHOJia  B  3aBHCHMOCTH  OX  XeMnepaxypbl,  BpeMeHH  peaKUHH, 
KOHueHxpaqHH  peareHTOB  h  ycxaHOBJieHbi  onxHMajibHbie  siiaHeHHa  3thx  napaMerpOB.  OTMencHO,  mo  3a 
CHCT  HCnOJlb30BaHHfl  npOMblHIJieHHblX  OTXOJ^OB  ;rJI5J  nOJiyHCHHA  COp6eHTa  SaMCTHO  CHH5KaeTC5l 
ce6ecTOHMocTb  nocjieAHero  no  cpaBKCHHio  c  xpaflHUHOHHbiMH  MaxepHajiaMH, 
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Biomolecules  interactions  with  the  surface 
of  mineral  particles 

V.V.Dudnik 

Ifistitute  for  Surface  Chemistry,  National  Academy  of  Sciences  of  Ukraine, 

31  Nauki  Ave.,  252650,  Kiev,  Ukraine 

A  new  medianism  is  proposed  for  the  regulation  of  the  disperse  particles  sdective  aggregation  by  living 
microorganisms  at  the  change  of  the  non-unifofm  diarge  distribution  in  the  cell  membrane.  The  possibility  of 
creation  of  membranes  having  selectivity  in  terms  of  particle  size  and  surface  diaracteristics  is  pointed  out. 

y  po6oTi  3anponoHC®4HO  hobhh  MexanisM  peryjpmii  ceneicTHBHoi'  arperauii  ;mcnepHHX  nacroK  jkhbhmh 
Miiqx)opraHi3MaMH  npn  3MiHi  HeoAHOpijtHoro  posnoAhiy  3ap5my  y  KJiiTHHHin  MeMGpani  xa  BKasano  ua 
MoxumnicTb  (JxjpMyBaHHfl  MeM6paH  3  oejieKTHBHicno  3a  p03MipaMH  xa  xapaKxepHCXHKaMH  noBepxni  nacxoK. 

At  present,  much  attention  is  given  to  the  different  charge  redistribution  on  a  cell  (flip-flop, 

study  of  the  biological  objects  (e.g.  microorgan-  lateral  diffusion)  and  on  a  particle  (metallic  and 

isms,  macromolecules)  interaction  with  various  dielectric).  However,  is  was  pointed  out  [8]  that 

mineral  particles.  The  importance  of  these  investi-  the  selective  diffusiophoresis  is  possible  at  the 

gations  is  due  to  the  possibilities  of  widespread  electrolyte  concentration  not  exceeding 

use  of  various  effects  in  biological  processe  as  lO’^mol/dm^  what  was  inconsistent  with  the  ex- 

well  as  in  medicine.  perimental  conditions  [1,7],  The  second  mecha- 

There  is  a  great  number  of  publications  deal-  nism  does  not  discriminate  the  intact  cell  and  the 

ing  with  the  selective  aggregation  of  metals  by  inactivated  one.  Besides,  the  calculation  of  the 

some  species  of  microorganisms,  both  in  the  sol  energy  on  the  basis  of  the  disjoining  pressure  val- 

form  [1,2]  and  in  solutions  [3,4].  ues  Hmax  given  in  [7]  using  the  circular  zones  ap- 

Several  hypotheses  are  known  explaining  us-  proximation  [9]  gives  the  Umax  values  «  10  /cT  for 
ing  various  approaches.  The  authors  of  [5]  sup-  metallic  particles  (f/max»  100  kT  for  dielectric 

pose  that  the  living  cells  produce  an  unhomogene  ones);  hence,  the  coagulation  time  should  have 

electromagnetic  field  and  the  selectivity  is  due  to  order  of  several  days  (for  dielectric  particles,  sev- 

the  particles  polarization.  Thus,  in  water  me-  eral  months),  in  contrast  to  several  dozens  of 

diura,  the  metallic  particles  move  to  the  area  of  minutes  in  experiment  [1,7].  Later,  the  same 

the  maximum  electrical  field  intensity  (i.e.  toward  authors  have  proposed  the  neutralizational  co- 

a  cell)  while  the  dielectric  ones  displace  toward  agulation  mechanism  [8,10]  for  the  discharging  of 

the  minimum  field  strength,  i.e.  away  from  the  the  gold  particles  by  polysaccharides  being  re¬ 
cell.  The  estimations  given  in  [6]  have  shown,  leased  in  vital  processes  of  a  cell;  however,  such  a 

however,  that  such  a  mechanism  is  hardly  realiz-  high  selectivity  degree  was  not  proved  just  for 
able  because  of  great  energy  required.  In  [7],  the-  polysaccharides,  and,  moreover,  in  mixed  gold- 

ory  is  developed  describing  the  microorganisms  and-rock  suspensions,  the  discharged  gold  parti- 

interaction  with  disperse  particles  in  the  stage  of  cles  should  be  coagulated  with  the  neighbouring 

the  capture  and  transfer  of  a  particle  toward  a  rock  ones.  In  [11]  and  [12],  a  protein  residing  on 

cell.  According  to  that  work,  the  selectivity  in  the  the  cell  membrane  and  specially  sorbing  the  gold 

capture  stage  is  due  to  the  drift  in  a  concentration  is  believed  to  response  for  the  selectivity;  how- 

gradient  of  metabolism  products  (selective  diffu-  ever,  the  widespread  variety  of  functional  groups 

siophoresis),  and  in  the  transfer  one  —  by  the  on  the  cell  surface  may  assure  the  chemical  bond- 
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Fig.  I .  Membrane  charge  forming  model. 


ing  not  only  of  gold,  but  of  any  particle  which  is 
attained  membrane.  The  authors  of  [12]  and  [13] 
say  about  the  effect  of  cell  surface  unhomogeneity 
on  the  coagulation  of  metallic  particles  on  a  cell, 
but  do  not  discuss  any  models. 

The  estimated  values  of  the  coagulation  time 
from  the  experimental  data  [1,7]  allow  to  admit, 
reasonably  enough,  that  the  particle  transfer  to  a 
cell  is  due  to  the  Brownian  diffusion.  As  to  the 
causes  of  of  the  selectivity,  each  of  hypotheses 
mentioned  contains  some  contradictions.  Besides, 
all  the  hypotheses  take  not  into  account  an  un¬ 
usual  fact,  namely,  the  adsorption  and  coagula¬ 
tion  of  negatively  charged  metal  particles 
intensifies  when  electronegativity  of  a  living  cell 
increases. 

In  our  work,  an  attempt  is  made  to  explain  the 
selective  coagulation  from  the  fact  that  charges 
are  distributed  non-uniformly  through-out  the 
cell  membrane,  and  various  areas  bear  the  oppo¬ 
site-sign  charges;  the  mechanism  of  such  areas 
originating  and  development  being  not  discussed 
at  the  moment. 

Let  us  consider  at  first  the  charge  and  potential 
distribution  in  the  membrane.  Assume  that  a  charge 
is  formed,  first,  as  a  result  of  ion  adsorption  by  the 
surface,  and  second,  is  consequence  of  cell  living 
activity  processes  inside  the  membrane.  Let  admit 
that  the  first  factor  is  associated  to  the  charge  (and 
potential)  of  an  inactivied  cell  and  the  sec¬ 
ond  one  to  the  those  of  an  intact  cell  (see 

Fig.  1).  Moreover,  let  suppose  that,  inside  of  a  mem¬ 
brane,  charges  exist  which  move  along  its  surface 
only  (lateral  diffusion). 

The  potential  distribution  in  the  membrane 
{l<ayer>)  can  be  found  from  the  known  system  of 
equations  Laplace 

AeO  =  - zfi 
and  Focker-Planck  equations 


;^  =  -D,VC,-i)^,C,V<D'  (2) 

where  8  is  the  dielectric  constant;  e,  the  electron 
charge;  k,  Boltzmann  constant;  7,  absolute  tem¬ 
perature;  2i,  Cu  the  electrovalency  and  concentra¬ 
tion  of  /-th  kind  of  ions,  respectively; 
dimensionless  potential;  (e/kT)-^,  the  dimen¬ 
sioned  potential). 

Let  the  potential  be  represented  as  the  sum  of 
two  items 

<d'  =  <d((z)  +  «D^(p)  (3) 

where  <Iii(^)  is  the  potential  of  the  uniformly 

charged  surface;  <I>2(p),  that  of  non-uniformly 
charged  area.  It  should  by  noted  that,  in  contrast 
to  the  preceding  work  [14],  each  component  of 
the  surface  charge  is  associated  to  the  certain 
mechanism  of  its  forming. 

Since  ions  are  moving  along  the  membrane,  Q 
depends  on  p,  and,  taking  into  account  that,  in  a 
quasi-steady  state, 71  =  0,  we  have 

c/  =  C^^exp(-z,<l4(p)) 

where  Cq  is  the  ion  concentration  in  the  mem¬ 
brane  away  from  a  non-uniformly  charged  area. 

Accounting  for  the  anisotropy  of  the  mem¬ 
brane,  we  must  distinguish  its  dielectric  constant 
values  along  the  surface  (sji)  and  normal  to  that 
(ei.).  To  simplificate  the  mathematical  expression  let 
assume  only  singly  charged  ions  to  be  presented  in 
the  membrane  (C,  i=-l).  Then,  from  Eq.(l)-(4),  in 
the  Debye  approximation,  we  obtain 


wherefrom,  by  dividing  up  to  two  equations 

2 


p  ap  op 

we  can,  without  difficulties,  obtain  the  solutions 
for  each 

<I)l(z)  =  (K|j  zf/2  F/l  /(K||  z)  +  bI 

=  ^2  ^0  P)  ^2  A)  P) 
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where  k||‘i=PH —  is  the  Debye  shielding 

^47ie^Co  J 

radius,  X^o(k_lP);  -^o(kj_p),  the  modified  Besselian 

functions  of  zero  order.  Imposing  the  boundary 
conditions 

®'(0)  =  a)((-/)  =  Oo 


02(Kj^a)  =  0„ 


we  obtain  ultimately 


o'(z)  =  (K,|Z)V2  +  (Kjfey2  +  <Do 


/o(k_lP)//o(k^«),  P^« 


Now,  let  us  describe  the  potential  distribu¬ 
tion  in  the  bulk  electrolyte  {m<edium>).  Similar 
to  the  above  scheme,  expressing  the  potential  as 
the  superposition  of  two  items  in  the  Debye  ap¬ 
proximation,  we  obtain  equations 

2 


7 

p  9pr  dp 


_  2  /k/  /  \ 


the  solutions  of  which  have  the  form 

0^(z)  =^^exp(-Kz)  +5/exp(K:z) 

O2 (p^)  =  ^A^expi-z^K  -  K,)  + 

+  B2  expiz'^K^  -  )]  X 

m  5  (17) 

X  j■A:o(KJ^p)  +  C2  /o(’^xP)] 

The  unknown  constants  ks,  A  {^2,  Cf  can 
be  determined  from  the  conditions  of  continuity 
for  the  Oi  and  O2  potentials  and  convergence  in 
the  infinity.  Ultimately,  from  Eq.(12),  (13),  (16), 
and  (17),  we  obtain 

(z)  =  Ooexp(-Kz)  ( ^ 

0“ (p^)  =  exp(-zVK^  -  Kj )  X 

^iKo{K^pyKo(K^a),  p>a  (19) 
^  Vo('<xP)/4('«x«)>  P-" 


Fig. 2.  Non-uniform  potential  distribution  at  the 
membrane  surface. 

Moreover,  since  the  charge  and  potential  dis¬ 
tributions  in  the  membrane  are  subject  to  the  in¬ 
tegral  electro-neutrality,  we  can  write  an 
additional  relationship 


wherefrom 


+  c/Q  -  -^OqCqK 


Assuming  that,  for  an  inactivated  cell,  Cc'  =  0, 
and  having  denoted 

eCo  (22) 

we  obtain,  after  some  simple  rearrangements, 


<  ^-L 


Unfortunately,  the  precise  determination  of 
e/ 

the  - value  is  very  difficult,  since,  for  thin 

8xK/ 

surface  layers,  the  dielectric  conctant  bj.  can  dif- 

sl 

fer  fron  bulk  one  b.  We  admitted  - -  ^  1 


(k“^  «  30  a,  /  «  100  a,  b  80,  B_L«  24).  As  is  seen 
from  Eq.(19)  and  (23),  if  the  living  cell  poten¬ 
tial,  Oo,  becomes  more  electronegative,  the  bulk 
shielding  radius  in  the  non-uniform  charge 

area,  (k'^-  (C^^  -  Oo)  j  ,  decreases,  and,  hence, 
the  potential  becomes  more  long-range  acting. 
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Fig.2  shows  the  potential  distribution  in  the 
bulk  electrolyte  (z)  and  along  the  surface  (p).  It  is 
seen  that,  in  the  non-uniform  charge  area,  at 
(I)o<0,  some  "channels"  exist  along  which  a 

negatively  charged  particle  can  attain  the  hving 
cell.  The  cell  may  provide  for  selective  sorption  of 
several  particle  forms  and  sizes  by  regulation  of 
the  Om  value. 

The  model  proposed  can  serve  as  an  impor¬ 
tant  supplement  to  the  theory  linking  transmem- 
bran  potential  and  the  bioenergetic  processes 
[13,15],  since,  on  its  basis,  one  can  find  a  natural 
explanation  for  the  selective  heterocoagulation  of 
disperse  particles  on  hving  cells  as  well  as  its  rela¬ 
tion  to  the  membrane  processes.  Moreover,  a  pos¬ 
sibility  arises  for  the  creating  of  membranes 
containing  builded-in  charge  structures  which  as¬ 
sure  the  selectivity  in  terms  of  the  particle  sizes 
and  surface  characteristics. 
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Water  desorption  processes  research  on  the 
actual  surface  of  stainless  steel 

Yu.F.Stefanov 

Research  and  Education  Center  "Physics,  mechanics  and  technology 
of  unhomogeneous  systems",  T.Shevchenko  Kiev  University, 

64  Vladimirskaya  St.,  252017,  Kiev,  Ukraine 

The  nature  of  the  water  displacement  desorption  stimulated  by  the  contact  of  oxygen  with  the 
high-vacuum  chamber  walls  is  investigated.  It  is  shown  that,  on  the  stainless  steel  actual  surface,  in  the 
high  vacuum,  three  types  of  water  adsorption  centers  exist  characterized  by  the  desorption  activation 
energy  values  of  0.2;  0.4;  and  0.9  eV.  The  two  first  types  of  adsorption  centers  can  be  the  surface  hydroxyls 
as  well  as  the  surface  oxygen  having  lone  electron  pair,  which  interact  with  a  water  molecule  by  one  or 
two  hydrogen  bonds,  respectively.  The  third  adsorption  center  type  is  responsive  for  the  associative  water 
desorption  from  two  hydroxyls.  The  mechanism  of  the  oxygen-stimulated  displacement  desorption  of 
water  is  proposed  and  substantiated. 

^ocjiiA^Keno  npHpo,ity  eijieicry  BHTHCKyBajibHoi  ,aecop6i4ii’  boah,  cTHMyjibOBaHoi  KOHTaicroM  khchio  3i 
criHKaMH  BHCOKOBaKyyMHOi  KaMepn  3  Hep^aBifOHoi  craJii.  floKaBano,  mo  na  peajibHin  noBepxHi 
Hep^aBiioHoi’  crajii  y  BHcoKOMy  BaKyyMi  MOJieKyji  boah  icnyiOTb  xpn  thhh  aAcop6qiHHHX  ueHXpiB, 
5nci  xapaKTepH3yK)TbC5i  eneprinMH  aKTHBaqii’  Aecopdqii  0,2;  0,4;  0,9  eB  i  noAano  i'x  iHTepnperaqiio.  riepmi 
ABa  THHH  aAcopSqiHHHX  qeHTpiB  Moxcyxb  6yTH  noBepxHeBWMH  riApoKCHJiaMH,  a  xaKOHC  noBcpxneBHM 
KHCHCM.  mo  Mae  nenoAi-Heny  ejieKxpoHHy  napy,  5iKi  saacMOAiioTb  3  MOJieKyjiaMH  boah  OAuieio  xa  ABOMa 
boahcbhmh  3B’5i3KaMH,  BiAnoBiAHO.  TpexiH  THU  aAcx)p6mHHHx  qcHTpiB  3a6e3neqye  acoqiaxHBHy 
Aecopbqiio  boah  3  abox  riApoKCHniB.  3anponoHOBaHO  xa  o6rpyHxoBaHO  MexaniaM  BHXHCKyBaAbHoi 
Aecop6qii  boah,  cxHMyAbOBaHoi  khchcm. 

Recently,  the  water  desorption  investigations 
on  the  transitional  metals  surfaces  are  topical, 
since  these  processes  are  of  great  importance  in 
the  catalysis,  corrosion,  electrochemistry,  and 
vacuum  techniques  areas  [1].  Among  the  transi¬ 
tional  metals  and  their  alloys,  the  stainless  steel 
12X18H10T  is  of  particular  interest  being  the 
main  construction  material  in  the  vacuum  devices 
area. 

Water  desorption  processes  on  the  stainless 
steel  surface  are  still  almost  unresearched,  though 
there  are  just  these  which  determine  the  water 
vapour  background  level  in  the  high  vacuum 
equipment,  which  always  is  desirable  to  reduce  to 
minimum  because  of  the  water  activity.  Besides, 
the  secondary  effects  are  revealed  associated  to 
the  release  of  the  water  molecules  in  a  high-vac- 
uum  chamber  due  to  oxygen  action  [2]  which  in¬ 
fluence  significantly  on  the  reliability  of  the 


adsorbtion-desorption  research  performed  by  the 
mass-spectrometry  method.  These  effects  are  the 
'  false  peak"  of  water  associated  to  the  design  fea¬ 
tures  of  mass-spectrometer  ion  source  [3]  and  the 
effect  of  water  displacement  desorption  from  the 
high-vacuum  chamber  walls  stimulated  by  the 
oxygen  [4,5].  The  latter  effect  is  of  particularly 
interest  since  it  is  not  an  instrumental  artifact,  in 
contrast  to  the  "water  false  peak"  [3].  The  first 
attempt  to  study  the  nature  of  the  oxygen-stimu¬ 
lated  displacement  desorption  of  water  is  made 
by  us  m  [4].  However,  in  that  work,  the  nature  of 
the  revealed  adsorption  centers  on  the  stainless 
steel  actual  surface  and,  on  this  basis,  the  mecha¬ 
nism  explaining  the  water  displacement  desorp¬ 
tion  effect  were  based  on  the  rather  intuitive 
assumptions. 
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I,  imp/s 


Fig.l.  Iron,  oxygen,  carbon,  and  hydrogen  distribu¬ 
tions  profiles  in  the  thickness  of  the  surface  layer  for 
the  stainless  steel  12X18H10T  actual  surface  ob¬ 
tained  after  surface  machining  and  exposure  to  air  at 
ambient  temperature  for  48  h. 

The  aim  of  the  present  work  is  to  research  the 
oxygen  stimulated  displacement  desorption  of 
water. 

Characteristics  of  specimens  and 
experimental  methods  used 

In  our  experiments,  the  stainless  steel 
12X18H10T  was  used,  its  corresp  on  dance  to  the 
GOST  5632-72  requirements  from  the  viewpoint 
of  the  elemental  composition  was  proved  by 
X-ray  spectroscopy. 

The  desorption  features  of  stainless  steel  ac¬ 
tual  surface  were  studied,  i.e.  those  of  the  ma¬ 
chined  surface  exposed  to  air  at  the  Ambient 
temperature,  as  well  as  of  specially  oxidized  one 
in  the  dried  air  at  the  atmospheric  pressure  and 
temperature  473  K  for  15  h. 

The  surface  composition  of  the  specimens  was 
analysed  by  secondary-ion  mass-spectroscopy 
method  using  the  ion  probe  IMS-4F;  the  H,  C, 
and  O  ifhpurities  distribution  profiles  in  depth  of 
the  surface  layer  were  obtained.  The  analysis  re¬ 
sults  are  presented  on  the  Figs.l  and  2  where  is 
shown  that  the  actual  surface,  as  well  as  the  spe¬ 
cially  oxidized  one,  is  enriched  by  the  hydrogen, 
carbon  and  oxygen. 


I,  imp/s 


Fig.2.  Iron,  oxygen,  carbon,  and  hydrogen  distribu¬ 
tions  profiles  in  the  thickness  of  the  surface  layer  for 
the  stainless  steel  12X18H10T  after  the  special  oxida¬ 
tion  in  dried  air  at  T=473  K  for  for  1 5  h. 

To  study  the  water  desorption  processe;?  on 
the  stainless  steel  surface,  the  unique  procedures 
were  applied  consisting  in  that  the  walls  of  high- 
vacuum  chambers  were  used  as  the  specimens. 

For  the  kinetics  investigation  of  the  water 
molecules  desorption  on  the  stainless  steel  surface 
in  the  high  vacuum,  a  chamber  made  from 
12X18H10T  steel  of  0.8  dm^  volume  was  used, 
attached  directly  to  the  MX-7304  mass-spec¬ 
trometer  and  being  pumped  out,  through  a  stop 
value,  to  the  residual  pressure  of  10'^  Ton*.  The 
chamber  and  the  ion  source  of  the  mass-spec¬ 
trometer  were  provided  with  the  thermo  stated 
heating  system.  The  water  and  hydrogen  thermal 
desorption  curves  were  taken  after  the  chamber 
pump-out  closing  at  constant  temperatures  in  the 
293-493  K  range  through  10  K  intervals.  All  the 
curves  obtained  flatten  out  at  saturation,  what 
indicated  their  nature  is  associated  with  desorp¬ 
tion.  The  stabilization  of  the  surface  under  re¬ 
search  in  terms  of  the  adsorption  centers  quantity 
was  achieved  by  the  long-time  (not  less  than 
8  hours)  high-vacuum  exposure  of  the  chamber 
walls  at  493  K,  what  assured  a  good  results  repro- 
ducibihty. 

The  identical  initial  conditions  of  the  filling  of 
the  adsorption  centers  by  the  OH  particles  involv¬ 
ing  in  the  associative  desorption  of  water  mole¬ 
cules,  were  assured,  at  various  temperatures,  each 
time  before  the  desorption  curve  was  taken,  by 
the  achieving  of  the  equilibrium  adsorption- 
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desoq)tion  state  in  which  the  velocities  of  mole¬ 
cules  being  desorbed  and  of  those  being  out- 
pumped  were  equal  to  each  other.  In  this  case,  the 
mentioned  adsorption  centers  were  admitted  to 
be  completely  filled,  since,  at  the  saturation  of  the 
stainless  steel  surface  with  the  hydrogen  and  oxy¬ 
gen,  it  is  just  the  associative  desorption  process 
which  is  the  limiting  stage  in  the  water  molecules 
fonnation.  The  desorption  rate  of  the  molecules 
under  study  was  determined  as  the  slope  of  the 
corresponding  desorption  kinetics  curve  in  the 
time  range  20-60  s  after  the  pump-out  closing, 
where  the  curve  can  be  adequately  approximated 
by  a  straight  line.  The  activation  energy  was  esti¬ 
mated  from  the  Arrhenius’  relationships  by  the 
linear  regression  method. 

To  investigate  the  displacement  desorption  in 
the  oxygen  medium,  another  chamber  was  used 
made  from  12X18H10T  material,  too,  but 
1 .0  dm^  in  volum.e,  which  has  been  pumped  out 
to  a  high  vacuum  by  a  diffusion  pump  provided 
with  the  liquid  nitrogen  trap  to  the  10'^  Terr  re¬ 
sidual  pressure,  and  was  connected,  on  one  side, 
to  the  mass-spectrometer  ion  source  through  a 
diaphragm  with  50  pm  orifice,  and  on  the  other 
side,  to  a  sampler  being  purged  with  the  dry  oxy¬ 
gen.  The  sampler  was  a  measured  volume  which 
can  be  closed  by  two  stop  valves,  one  on  the 
chamber  side  and  other  on  the  side  of  gas  line 
assuring  the  purging  of  the  sampler  by  the  dried 
oxygen,  the  humidity  of  the  latter  being  control¬ 
led  by  means  of  Baikal  3M  hydrometer.  The 
water  displacement  desorption  curves  were  taken 
at  fixed  chambers  temperatures  in  the  293-493  K 
range  through  10  K  inten/als  after  the  admission 
of  the  chamber  with  the  dr}^  oxygen  to  10'^  Ton- 
pressure  and  molecular  flowing  to  the  mass-spec¬ 
trometer  ion  source.  Therewith,  the  admission  of 
a  gas  sample  has  been  earned  out  at  the  closed 
high-vacuum  valve  after  the  adsorption-desorp¬ 
tion  equilibrium  has  been  previously  attained, 
which  is  characterized  by  a  constant  water  vajicur 
background  level  The  sample  admission  were  so 
chosen  that,  over  an  appreciable  length  of  time 
(order  of  20  min),  the  pressure  drop  due  to  pump¬ 
ing  by  the  magnet-discharghing  pump  through 
the  mass-spectrometer  ion  source  can  be  ne¬ 
glected.  In  this  case,  the  water  release  kinetics 
curves  (from  5  min  after  the  beginning  of  the 
sample  admission  to  ion  source  and  on)  can  be 
satisfactorily  approximated  by  straight  lines,  and 
the  water  releasing  rate  has  been  determined  from 
the  slope  of  these  lines  related  to  horizontal  axis. 
The  water  release  so  measured  has  nothing  to  do 
with  the  "false  peak"  arising  from  the  ion  source 
design  and  work.  That  was  proved  by  the  experi¬ 


ments  dealing  with  the  water  release  kinetics  at  a 
fixed  (ambient)  temperature  of  the  chamber  un¬ 
der  study  and  varying  (in  the  range  of  293-473  K) 
temperatures  of  the  ion  source;  these  investiga¬ 
tions  had  shown  that,  in  all  cases,  the  saturation 
stage  of  the  kinetics  curvb  is  achieved  substan¬ 
tially  within  5  min  after  the  beginning  of  the  oxy¬ 
gen  admitting  to  ion  source.  The  stabilization  of 
the  chamber  walls  from  the  viewpoint  of  the  ad¬ 
sorption  centers  amount  and  the  assuring  of  iden¬ 
tical  initial  conditions  of  filling  by  OH  particles 
involving  in  the  associative  water  molecules 
desorption,  were  achieved  similar  to  experiments 
on  the  thermal  desorption  of  water  in  a  high  vac¬ 
uum. 

It  should  be  noted  that  both  high-vacuum 
chambers  under  study  as  v/ell  as  satellite  speci¬ 
mens  for  the  elemental  analysis  were  made  from  a 
common  piece  of  the  12X18H10T  steel. 

Results  and  discussion 

The  data  characterizing  the  water  molecules 
desorption  kinetics  in  high  vacuum  on  the  stain¬ 
less  steel  actual  surface,  as  represented  in  the 
form  of  the  An-henius’  relationships,  have  the  ap¬ 
pearance  of  a  broken  line  consisting  of  three  lin¬ 
ear  portions  characterized  by  the  activation 
energy  values  of  0.18±0.05  eV  at  293<r<333  K; 
0.38±0.05  eV  at  333<T<393  K,  and  0.9±O.l  eV  at 
393<T<493  K  and  corresponding  to  the  water 
desorption  from  the  adsorption  centers  of  three 
types.  In  fact,  the  experimental  procedure  used 
for  the  water  thermal  desorption  study  realizes 
the  mode  of  the  multiple  water  molecules  mterac- 
tions  with  the  high-vacuum  chamber  walls  and, 
consequently,  with  all  types  of  adsorption  centers 
existing  on  the  stainless  steel  surface.  Thus,  at 
first,  the  water  molecules  are  associatively  desor- 
beri  fvom  the  primary  adsorption  centers  accord¬ 
ing  to  the  foUowing  scheme: 

OH(ad)  +  OH(ad)  H20(gas)  -i-  0(ad) 

After  the  landing  of  these  water  molecules  on 
the  other  (secondary)  adsorfition  centers,  they 
will  be  registered  as  if  they  are  desorbed  from  the 
latters,  their  true  origin  being  "forgotten".  There¬ 
fore,  in  our  case,  the  increase  of  the  water  vapour 
partial  pressure  in  a  unit  time  registered  by  a 
measuring  device  can  be  presented  as 

dP/dT  -  W(Vy  ^  +  V^)  /JcT  (1) 

where  Fi  =  CAhexp(~^i//cr),  F2  =  CiV2exp(-^%r) 
is  the  water  molecules  quantities  in  a  unit  time  regis¬ 
tered  from  the  secondar}'  adsorption  centers  N\  and 
N2,  respectively;  F3,  the  water  molecules  quantity  in 
a  unit  of  time  registered  from  primary  adsorption 
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Fig.3.  Model  of  the  water  molecules  desorption  from  the  stainless  steel  actual  surface  in  high  vacuum. 


centers;  W,  the  chamber  volume;  k,  the  BoIt2mann 
constant;  T,  the  chamber  walls  surface  temperature; 
C,  the  factor  at  the  exponential  term;  E,  the  desorp¬ 
tion  activation  energy.  The  first  linear  portion 
(293  K<r<333  K)  of  the  Arrhenius*  curve  corre¬ 
sponds  to  the  case  when 

Vi  =  CViexp(-^i4y) »  Fj  +  Fj, 

the  second  one  (333  K<7<393  K)  —  to 

Fj  =  CA/2exp(-^F^) »  Fj  +  F3, 

while  the  third  (393  K<7’<493  K)  —  to 

V3  =  CA^3exp(-S4j.) »  Fj  +  Fj, 

where  Nq  is  the  quantity  of  the  primary  adsorp¬ 
tion  centers. 

Thus,  on  the  actual  surface  of  the  stainless 
steel,  three  types  of  adsorptions  centers  are  ex¬ 
perimentally  found,  corresponding  to  the  water 
molecules  desorption  activation  energy  values  of 
approximately  0.2;  0.4;  and  0.9  eV.  Since  the 
stainless  steel  actual  surface  is  saturated  with  the 
oxygeni'and  hydrogen  and,  consequently,  with 
surface  hydroxyls,  it  can  be  supposed  that  the 
desorption  activation  energy  value  of  0.2  eV  cor¬ 
responds  to  the  desorption  of  the  water  molecules 
which  interact  with  the  adsorption  centers  formin 
with  those  one  hydrogen  bond;  0.4  eV  —  two  hy¬ 


drogen  bonds  and  0.9  eV  energy  corresponds  to 
the  associative  desorption  with  the  formation  of 
one  water  molecule  from  two  hydroxyls.  The  first 
two  types  of  the  (secondary)  adsorption  centers 
can  by  the  surface  hydroxyls  as  well  as  oxygen 
atoms  having  a  lone  electron  pair  necessary  for 
the  hydrogen  bond  formation.  The  model  of  the 
water  desorption  from  the  stainless  steel  actual 
surface  in  a  high  vacuum  is  presented  on  the 
Fig.3. 

The  Arrhenius*  relationships  obtained  in  ex¬ 
periments  dealing  with  the  water  thermal  desorp¬ 
tion  on  the  specially  oxidized  surface  of  the 
stainless  steel,  have,  too,  the  broken  line  appear¬ 
ance  consisting  of  the  three  linear  portions  char¬ 
acterized  by  the  desorption  activation  energy 
values  of  0.19±0.05  eV  at  293K<r<383  K; 
0.39±0:05  eV  at  383K<7’<433  K;  and  1.0±0.1  eV 
at  433K<r<493  K.  Hence,  in  comparison  to  the 
case  of  the  stainless  steel  actual  surface,  the  eleva¬ 
tion  of  the  first  temperature  range  upper  limit  by 
50  K  and  that  of  second  one  by  40  K  is  observed 
for  the  oxidized  surface,  what  supports  the  pro¬ 
posed  model  of  the  water  desorption  processes  on 
the  stainless  steel  surface  in  high  vacuum.  Indeed, 
the  stainless  steel  oxidation  results  in  an  increas¬ 
ing  quantity  of  the  secondary  adsorption  centers 
and  Ni,  associated  to  the  suiface  oxygen,  what 
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should,  according  to  Eq.(l),  cause  the  broadening 
of  the  temperature  range  in  which  the  contribu¬ 
tion  of  the  water  molecules  desorbed  from  the 
secondary’  adsorption  centers  prevails. 

The  experinemtal  data  relating  to  the  water 
displacement  desorption  stimulated  by  the  oxy¬ 
gen,  as  presented  in  the  form  of  the  Arrhenius’ 
relationships,  have  the  appearance  of  a  broken 
line  consisting  of  two  portions;  these  correspond 
to  the  activation  energy  values  of  0.42±0.05  eV  (at 
363K<r<393  K)  and  0.8±0.1  eV  (at 
393K<r<453  K).  The  low  temperature  range  at 
r<363  K  remained  unresearched  because  of  poor 
sensitivity. 

Besides,  as  is  seen  from  Table  1,  the  water  re¬ 
lease  from  the  chamber  walls  is  accompanied  by 
the  activated  adsorption  of  the  oxygen,  and  the 
water  liberation  rate  is  correlated  with  the  rate  of 
the  oxygen  partial  pressure  dropping.  Hence,  the 
water  evolving  is  associated  with  the  oxygen 
chemisorption. 

When  comparing  the  experimental  results  re¬ 
lated  to  the  oxygen-stimulated  water  release  and 
those  of  the  thermal  water  desorption  in  high  vac¬ 
uum,  the  surprising  similarity  can  be  noted  in  the 
behaviour  of  the  Arrhenius’  curves  describing 
two  these  processes,  at  first  glance  so  distinct. 
Only  a  small  difference  in  the  desorption  activa¬ 
tion  energy  is  observed,  which  amounts  to  O.l  eV. 

From  the  aforesaid,  an  assumption  can  be 
made  as  to  desorptive  nature  of  the  oxygen- 
stimulated  water  release,  and  the  mechanism  ex¬ 
plaining  it  can  be  proposed.  The  principle  of  the 
oxygen-stimulated  displacement  water  desorption 
is  that  the  oxygen  adsorbed  on  the  metal  surface 

Table  1.  Temperature  dependence  of  die  relative 
changing  rate  of  the  oxygen  and  water  partial  pres¬ 
sure  at  the  dry  oxygen  admission  into  a  stainless  steel 
vacumn  chamber. 


T,K 

Actual  surface 

Specially  oxydized  1 
surface  | 

-^P/dt  O2 
(arb.  units) 

dP/dt  H2O 
(arb.  units) 

-dP/dt  O2 
(arb.units) 

dP/dt  H2O 
(arb.  units) 

403 

1.4 

0.052 

- 

- 

413 

2.2 

0.100 

-■ 

- 

423 

2.8 

0.529 

- 

- 

433 

4.0 

0.279 

- 

- 

443 

6.2 

0.529 

0.9 

0.047 

453 

7.2 

0.814 

1.7 

0.090 

473 

- 

- 

2.9 

0.414 

adjacent  to  a  hydroxyls  pair  forming  a  water 
molecule  brings  a  perturbation  into  the  metal  sur¬ 
face  —  hydroxyl  pair  system,  what  results  in  the 
decrease  of  the  associative  water  desorption  acti¬ 
vation  energy  by  a  value  of  0.1  eV  order.  This 
causes  a  breaking  of  the ’adsorption-desorption 
equilibrium  in  the  measuring  chamber  and  an  in¬ 
crease  of  the  water  partial  pressure.  This  supposi¬ 
tion  is  supported  by  a  theoretical  work  [6]  where 
authors,  assuming  the  Ni(lll)  surface  simulated 
by  means  of  the  two-layer  cluster  Niio  model, 
have  performed  the  calculation  of  the  water  mole¬ 
cule  interaction  with  the  pure  Ni(l  1 1)  surface  and 
with  Ni(lll)  surface  presaturated  with  the  ad¬ 
sorbed  oxygen.  It  is  shown  that,  in  Ni/H20  sys¬ 
tem,  the  bonding  energy  of  water  molecule  with 
the  metal  surface  is  higher  .  by  a  value  of  0.1  eV 
order  then  in  the  NiH-0/H20  system. 

Taking  into  account  that,  in  experiments  on 
the  water  displacement  desorption,  the  oxygen 
partial  pressure  in  the  measuring  chamber  has  the 
order  of  10’^  Torr,  it  can  be  assumed  that  the 
oxygen  chemisorption  is  not  the  limiting  stage  in 
the  water  displacement  desorption  process.  Be¬ 
fore  the  oxygen  is  admitted  to  the  measuring 
chamber,  the  velocity  of  the  water  molecules 
desorbed  from  primary  adsorption  centers  is 
F3  -  CyVoA^oexp(-^%7^)  (see  Eq.(l)), 

Then,  according  to  the  proposed  mechanism 
of  the  water  displacement  desorption,  in  the  con¬ 
ditions  of  oxygen  contact  with  the  chamber  sur¬ 
face,  the  velocity  of  the  desorbed  v/ater  molecules 
Vy  =  CN{vVoexp(-^3/^7)  where  -  Ey  =  0, 1  eV. 

The  increase  of  the  desorbed  water  molecules 
velocity  associated  with  the  displacement  desorp¬ 
tion  effect 

F,  -  Vy  =  CA^oVoexp(-Vfcr)  {1  -  )  * 

since,  at  r<473  K,  expf-i^s  -  «  1 . 

Thus,  at  the  oxygen  admissionm  the  measur¬ 
ing  chamber,  the  rate  of  the  water  molecules  re¬ 
lease  from  the  chamber  walls  is  defined  by  the 
Eq.(2).  However,  similar  to  the  case  of  the  ther¬ 
mal  water  desorption,  at  the  temperature  lower 
than  critical  one  (393  K  for  the  stainless  steel  ac¬ 
tual  surface),  the  water  molecules  are  registered 
as  those  desorbed  from  the  secondary^  adsorption 
centers  of  1st  and  2nd  type,  corresponding  to  the 
desorption  activation  energy  values  of  0.2  and 
0.4  eV,  respectively. 

An  alternative  mechanism  of  the  oxygen- 
stimulated  water  release  based  on  a  catalytic  in¬ 
teraction  of  the  hydrogen  with  oxygen  on  the 
stainless  steel  surface  resulting  in  the  water  for- 
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mation,  is,  in  our  opinion,  unlikely.  In  fact,  ac¬ 
cording  to  modem  views  [7],  the  catalytic  hydro¬ 
gen  oxydation  reaction  goes  through  the 
intermediate  stage  of  the  hydroxyl  formation. 
However,  there  is  no  information  in  the  literature 
confirming  the  hydroxyl  formation  on  metal  sur¬ 
faces  in  the  course  of  the  oxygen  chemisorption. 
So,  in  [8],  during  the  research  of  the  oxygen  inter¬ 
action  with  the  polycry stallic  nickel  surface  pre¬ 
saturated  with  hydrogen,  the  surface  hydroxyls 
formation  was  not  found. 

Conclusions 

1.  On  the  actual  surface  of  the  stainless  steel, 
in  a  high  vacuum,  three  types  of  the  adsorption 
centers  for  water  molecules,  characterized  by 
desorption  activation  energy  values  of  0.2;  0.4; 
0.9  eV,  are  identified  and  interpreted.  The  activa¬ 
tion  energy  of  0.2  eV  corresponds  to  the  desorp¬ 
tion  of  water  molecules  bonded  to  the  surface 
hydroxyls  and  oxygen  by  one  hydrogen  bond; 
0.4  eV  —  by  two  bonds,  and  0.9  eV  corresponds 
to  the  associative  desorption  of  water  forming 
from  two  hydroxyls. 

2.  The  mechanism  of  the  oxygen-stimulated 
water  displacement  desorption  is  proposed  and 
substantiated.  Its  principle  consist  in  that  the 
oxygen,  being  in  contact  with  the  high-vacuum 


chamber  walls,  chemisorbs  itself  on  their  surface. 
Therewith,  when  oxygen  is  chemisorbed  on  the 
metal  surface  in  the  vicinity  of  a  hydroxyls  pair 
forming  a  water  molecule,  a  disturbation  is 
brought  in  the  metal  surface  —  hydroxyl  pair  sys¬ 
tem,  resulting  in  a  lowering  of  the  activation  en¬ 
ergy  of  the  water  associative  desorption  by  a 
value  of  0.1  eV.  The  minimization  of  the  oxygen- 
stimulated  displacement  water  desorption  is  asso¬ 
ciated  with  the  decrease  of  the  oxygen 
chemisorption  rate  and  is  achievable  by  the  stain¬ 
less  steel  surface  oxidation. 
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Mccjie^lOBaHHe  ;iecop6i|HOHHbix  npoueccoB  bo^iu  ua 
peajibHOH  noBepxHocTH  nepacaBeioiiteH  crajin 

K).<[>.CTe(J)aHOB 


Hccjie;50BaHa  npHpo^a  34)(t)eKTa  BbixecHUTejibHOH  ;;ecop6uHH  Bo^bi,  CTHMyjiHpoBaHHOH  KOHxaKTOM 
KHCjiopo^a  CO  cTCHKaMH  BbicoKOBaKyyMHOH  KaMcpbi  H3  Hep5KaBeK)meH  crajiH.  IloKasaHO,  hto  na 
peajibHOH  noBcpxHOCTH  Hep>KaBeioineH  crajiH  b  bbicokom  BaxyyMe  MOJieKyji  BOflbi  cymecTByer  TpH 
THna  a,ncop6qHOHHbix  qeHxpoB,  xapaxxqDHsyiomHxca  snepmaMH  aKXHBaqnH  ;^ecop6^HH  0,2;  0,4;  0,9  sB 
H  qana  hx  HHxepnpexaqHa.  IlepBbie  ,HBa  xnna  aAcop6qHOHHbix  qenxpoB  Moryx  6bixb  noBepXHOCXHbiMH 
FHApOKCHJiaMH,  a  xaK>Ke  noBepxHOcxHWM  KHCjiopoAOM,  HMciomHM  HenoAeJieHHyio  sjieKxpoHHyio  napy, 
KOXOpbie  BSaHMOACHCXByiOX  C  MOJieKyJiaMH  BOAbI  OAHOH  H  AByMH  BOAOpOAHbIMH  CBHSaMH, 
cooxBCTCXBeHHO.  TpexHH  XHn  aAcop6uHOHHbix  qcHxpoB  oSecncHHBaex  accouHaxHBHyio  Aecop6aHio 
BOAbI  H3  AByX  THApOKCHJIOB.  ITpCAilOKeH  H  oGoCHOBaH  MexaHH3M  BbIXeCHHXeJIbHOH  AeCOpGuHH  BOAbI, 
CXHMyJIHpOBaHHOH  KHCJIOpOAOM. 
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The  porous  structure  features  of  metal-oxide  type 
vacuum  condensates 


G.M.Kochetov,  G.G.Didikin  and  B.M-Emel’yanov 


Kiev  State  University  of  Architecture  and  Building, 

31  Vozdukhoflotsky  Ave.,  252037  Kiev,  Ukraine 

The  structure  of  porous  vacuum  condensates  of  Fe-Al203  and  C0-AI2O3  systems  has  been  investigated 
using  large-angle  and  small-angle  X-ray  scattering,  gas  adsorption  and  microhardness  measui'ements. 
These  two-phase  compositions  have  been  established  to  consist  of  the  porous  metallic  matrix  and  the  oxide 
phase  dispers  particles  distributed  uniformly  therein.  The  porosity  characteristics  have  been  studied  as 
dependent  on  the  condensate  composition.  The  chemical  nature  of  the  matrix  metal  is  noted  two  influence 
the  structure  parameters  and  sorption  properties  of  metal-oxide  compositions. 


MeroAaMH  peHTreHorpa(})ii  na  bcjihkhx  xa  Majmx  Kyrax,  raaoBoi'  a^cop6uii,  BHMipiOBaHH5i  MiKpoTBep^ocri 
^ocjiiipKeHo  cTpyKTypy  nopucTHx  BaKyyMHHx  KOH^tencaxiB  chctcm  Fe-A^Oa  i  CO“Ai203.  BcraHOBJieHo,  mo 
qi  BPO(})a3Hi  KOMnosHqii  doiaqaioTbCH  3  nopncroi  MeramHHoi  Marpnqi  i  pisHOMipHO  poanomjienHX  b  nin 
jtHcnepcHHx  nacTOK  OKcmmoi'  (Jiaan.  Embhcho  xapaicrepHCTracH  nopHcrocri  b  aajie^ocri  Bm  CKJia^ty 
KOHACHcaxy.  Bi^iiueno  BnjiHB  xiMiuHoi  npHpo/tn  MaxpHHHoro  Mexajiy  na  cxpyKxypni  napaMerpn  xa 
cop6qiHHi  BJiacxHBOcxi  MerajiooKCH/(HHX  KOMnoanqin. 


The  leading  branches  of  modern  industry 
have  an  urgent  need  for  refractory  high-strength 
materials  characterized  by  chemical  resistance, 
low  density,  specified  heat  and  electrical  conduc¬ 
tivity  values,  as  well  as  by  special  magnetic  and 
optical  properties. 

The  electron  beam  technology  allows  to  ob¬ 
tain  the  metal-ceramic  composite  materials  with 
specified  properties  and  working  characteristics 
[1].  In  this  connection,  much  interest  is  given  to 
investigations  of  porous  compositions  containing 
a  metal  and  alumina  obtained  by  the  electron- 
beam  evaporation  with  subsequent  condensation 
in  vacuum.  Such  condensates  can  be  used  as  the 
refractory  protective  coatings,  heat-insulating 
materials,  selective  filters  and  sorbents. 

Results  of  the  structure  investigations  of  Ni- 
AI2O3  vacuum  condensates  are  considered  in  de¬ 
tail  in  [2-6].  The  literature  data  about  the 
metal-oxide  systems  based  on  iron  and  cobait  are 
meagre  enough  and  relate  only  to  compositions 
obtained  by  traditional  powder  metallurgy  meth¬ 
ods. 

In  this  work,  the  results  of  study  of  the  vac¬ 
uum  condensates  Fe-A^Oa  and  C0-AI2O3  struc¬ 


ture  and  porosity  are  presented;  also,  data  are 
compared  obtained  for  systems  having  matrices 
based  on  various  metals  of  iron  triade  and  pre¬ 
pared  in  the  identical  conditions. 

Materials  and  techniques 

As  the  initial  materials  for  condensates  prepa¬ 
ration,  the  iron  and  cobalt  ingots  were  used  pre¬ 
pared  by  induction  melting  in  vacuum  with 
subsequent  electron-beam  remelting,  and  alumina 
bars  made  of  the  analytical  grade  material  (p.a.) 
by  presssing  and  sintering  at  1700'"C.  The  metal 
and  alumina  evaporation  was  performed  by  two 
independent  sources  in  the  vacuum  of 
1.33*10'^  Pa.  The  mixed  vapour  flow  condensa¬ 
tion  occurred  on  a  carbon  steel  (St.3).  The  evapo¬ 
rators  and  support  arrangement  allowed  to 
obtain  about  1  mm  thick  condensates  with  alu¬ 
mina  content  varying  in  the  0-30%  (by  mass) 
range. 

The  X-ray  phase  analysis  of  the  condensates 
was  perfomed  by  means  of  DRON-3  diffractome¬ 
ter  in  the  filtered  copper  radiation.  The  lattice 
constants  were  determined  basing  on  gravity  cen- 
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Table  1 .  Lattice  constants  (a±0.00008),  pores  concentra¬ 
tions  (C±0. 3)  and  oxygen  sorption  values  (g±  1 )  as  func¬ 
tions  of  alumina  content  (m)  in  Fe-Al203  condensates 


w,  %  by  mass 

a,  nm 

C,% 

0.8 

0.28669 

5.1 

99 

2.3 

0.28673 

10.4 

5.9 

0.28697 

19.0 

119 

14.2 

0.28759 

.  22.7 

138 

21.3. 

0.28793 

25.1 

149 

28.3 

0.28821 

27.4 

149 

ters  of  the  diffraction  maxima  registered  in  the 
precision  region. 

The  condensates  were  studied  by  the  small-an¬ 
gle  X-ray  scattering  using  the  CRM  unit  in  FeKa 
radiation.  The  measurements  were  made  on  the 
specimens  of  less  than  80  |im  thickness  by  the 
“transmission”  technique  in  the  angular  range 
3.5-2  deg,  with  the  slot-collimated  primary  beam. 
The  scattering  intensity  was  registered  by  the 
pulses  counting  over  a  specified  time  interval  (ex¬ 
ceeding  100  s),  discretely,  at  the  step  size  from 
20"  to  5'.  The  RMS  error  of  the  intensity  meas¬ 
urements  did  not  exceed  3%.  To  evaluate  the  ex¬ 
perimental  data  characterizing  the  angular 
dependence  of  the  X-ray  scattering,  the  method 
described  in  [7]  was  used.  Calculations  were  per¬ 
formed  using  formulas  [5]  allowing  to  obtain, 
without  preliminary  introducing  the  collima- 
tional  coiTection,  the  size  distribution  of  structure 
microinhomogeneities  (small  pores  and  disperse 
oxide  particles). 

Sorption  tests  of  the  compositions  obtained 
were  performed  by  the  static  method  at  20°C.  The 
sorption  capacity  value  was  established  as  the  dif¬ 
ference  between  the  mass  of  an  adsorbent  sample 
after  oxygen  sorption  at  atmospheric  pressure 
and  that  of  vacuum-degassed  one.  The  total  po¬ 
rosity  of  condensates  was  determined  by  the  hy¬ 
drostatic  weighing  method.  The  microhardness 
was  measured  on  the  PMT  instrument  at  50  g  in- 
dentor  loading. 

Results 

Fe-AfeOa  system 

The  condensates  of  compositions  presented  in 
Table  1  were  investigated.  The  X-ray  phase  analy¬ 
sis  of  these  condensates  had  given  following  re¬ 
sults:  the  diffraction  patterns  of  all  the  samples 
studied  show  only  reflections  corresponding  to 
the  a  modification  of  iron.  No  other  phases  have 


Table  2.  Concentration  dependences  of  crystalline 
structure,  total  porosity  and  oxygen  sorption  for 
C0-AI2O3  condensates 


m,  %  by  mass 

Lattice  type 

C,% 

«.mg/g 

HCP 

82 

2.4 

HCP 

13.2 

89 

5.1 

HCP 

15.8 

91 

FCC 

23.9 

105 

FCC 

26.4 

FCC 

29.8 

137 

been  revealed.  The  absence  of  alumina  reflections 
evidences  its  amorphous  state  in  the  condensates 
(in  terms  of  X-ray  method).  The  results  of  the 
lattice  constant  measurements  show  that,  for  all 
the  samples  studied,  it  exceeds  somewhat  the  ref¬ 
erence  value  for  the  pure  a-Fe;  therewith,  the 
lattice  constant  increases  when  the  oxide  phase 
content  in  the  condensate  rises.  It  follows  from 
the  data  presented  in  Table  1  that  the  condensate 
porosity  grows  with  the  alumina  concentration 
increase.  In  Fig.l,  the  microinhomogeneities  size 
distribution  is  shown.  In  the  samples  studied, 
submicropores  of  36  nm  radius  are  prevailing.  On 
the  f(R)-R  curve  for  the  Fe-14.2%  AI2O3  sam¬ 
ple,  an  additional  maximuin  arises  which  in¬ 
creases  with  the  alumina  content  growth.  The 
results  of  the  microhardnness  measurements  are 
presented  in  Fig.2,  those  for  sorption  capacity  - 
in  Table  1. 

C0-A/2O3  system 

The  specific  feature  of  this  condensate  system 
is  that  the  crystalline  modification  of  metal  ma¬ 
trix  depends  on  the  alumina  concentration.  The 
phase  composition  study  has  shown  that,  in  the 
range  of  oxide  phase  concentrations  from  0  to 
10%  (by  mass),  the  diffraction  pattern  of  the  a- 
cobalt  HCP  lattice  is  characteristic  for  those  con¬ 
densates.  At  higher  aluminium  oxide  contents, 
the  FCG  modification  of  the  P-cobalt  is  realized. 
No  other  phases  have  been  found.  Data  presented 
in  Table  2  indicate  that  the  condensate  porosity 
increases  with  AI2O3  concentration  growing.  The 
small-angle  scattering  measurements  have  shown 
that,  in  the  initial  samples,  the  submicropofes  of 
about  40  nm  radius  and  disperse  oxide  particles 
having  radius  about  25  nm  prevail.  The  concen¬ 
tration  dependence  of  the  condensates  micro¬ 
hardness  is  shown  in  Fig.2,  the  sorption 
measurements  results  are  presented  in  Table  2. 
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Fig.l.  Microinhomogeneities  size  distribution  in  Fe-A!203  (a)  and  C0-AI2O3  (b)  condensates  containing  respec¬ 
tively  0.8  and  0.6  (1),  5.8  and  5.0  (2),  14.2  and  10.2  (3),  28.3  and  30.8  (4)  per  cent  of  AI2O3  (by  mass). 

vapour  flow  condensation  onto  the  support  and 
of  formation  of  the  deposited  layer  thereon  occur 
in  the  non-equilibrium  conditions.  Therefore,  the 
condensates  studied  are  complex  heterogeneous 
systems  characterized  by  high  concentrations  of 
various  structural  imperfections  (from  point-type 
defects  to  macropores)  and  physico-chemical 
properties  different  from  those  of  similar  massive 
samples.  Studies  of  Me-AfeOa  binary  systems 
based  on  the  iron  triade  elements  have  shown  a 
great  similarity  of  their  structural  characteristics. 
So,  all  the  objects  studied  consist  of  the  porous  me¬ 
tallic  matrix  and  alumina  particles  of  average  size 
about  40  nm  distributed  uniformly  therein.  In  the 
whole  concentration  range  studied,  the  absence  of 
interaction  is  established  between  phases  forming 
the  condensate.  Besides,  for  all  three  systems,  the 
lattice  constant  and  the  condensate  porosity  in¬ 
crease  regularly  with  the  rise  of  the  second  phase 
content.  The  increase  of  the  lattice  constant  is  asso¬ 
ciated  obviously  with  the  metallic  matrix  doping  by 
aluminium  atoms  arising  as  a  result  of  the  partial 
dissociation  of  oxide  in  the  course  of  the  electron- 
beam  evaporation.  The  microhardness  measure¬ 
ments  of  the  condensates  studied  (Fe-AbOa, 
CG-AI2O3,  Ni-Al203)  have  shown  that  the  increase 
of  the  AI2O3  content  up  to  3-4%  by  mass  causes 


Fig.2.  Concentration  dependences  of  the  microhard¬ 
ness  for  Fe-Al203  (1)  and  C0--AI2O3  (2)  condensates. 

Discussion 

The  specific  character  of  the  metal-oxide  com¬ 
positions  obtaining  by  the  electron-beam  evapora¬ 
tion  method  consist  in  that  processes  of  the  mixed 
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the  microhardness  growth.  The  relationship  ob- 
serv^ed  is  associated  obviously  with  that  small  alu- 
mina  admixtures  result  in  the  fine-grain 
condensate  structure  formation  [2]:  the  small 
crystallite  sizes  and  disperse  alumina  particles 
promote  the  microhardness  rise  of  condensates 
wherein  pores  are  arranged  mainly  on  the  grain 
interfaces.  The  further  increase  of  the  disperse  ox¬ 
ide  particles  amount  causes  a  microhardness  low¬ 
ering  due  to  open  pores  formation  over  the  whole 
condensate  volume,  increase  of  those  sizes  and 
concentration. 

The  combined  analysis  of  the  sorption  data  and 
structural  parameters  given  in  this  work  allows  to 
suggest  that  all  the  compositions  studied  have 
rather  developed  specific  surfaces  due  to  high  mi¬ 
cropores  concentrations.  Thus,  the  use  of  the  elec¬ 
tron-beam  technology  makes  possible  to  obtain 
effective  sorbents  characterized  by  high  sorption  ca¬ 
pacity  and  prespecified  structural  features. 

Along  with  the  similarity  mentioned  above, 
we  have  found  some  distinctions  in  the  charac¬ 
teristics  studied  of  the  porous  structure  of  binary 
condensates  on  the  basis  of  iron  friade  metals. 
Namely,  the  submicropores  size  and  total  con¬ 
densate  porosity  increase  with  the  rising  ordinal 
number  of  the  matrix  metal.  These  distinctions 
are  in  agreement  with  the  commonly  accepted 
temperature  model  of  the  vacuum  condensate 
structure  [1]:  the  porous  structure  features  of 
compositions  deposited  under  identical  condi¬ 
tions  depend  on  the  melting  temperature  of  ma¬ 
trix  metal,  moreover,  the  size  and  amount  of 
pores  form  according  to  the  diffusion  mechanism, 
is  proportional  to  the  diffusional  activity  of  metal 
increasing  over  the  Fe— Co-Ni  series  [8]. 

The  results  of  sorption  tests  presented  in  this 
work  show  that  the  sorption  properties  of  the 
compositions  studied  are  due  not  only  to  struc¬ 
ture  characteristics,  but  also  the  condensate 
chemical  composition.  It  seems  impossible  to  ex¬ 
plain  this  fact  only  by  the  oxygen  physical  ad¬ 
sorption  process.  It  is  our  opinion  that,  in  parallel 
with  the  physical  adsorption,  the  oxygen  chemi¬ 
sorption  occurs.  Since  iron  possesses  a  higher 
chemical  affinity  to  oxygen  than  cobalt,  the  oxy¬ 
gen  chemisorption  by  Fe-AbOa  condensate 
must  be  more  active,  what  is  confirmed  by  experi¬ 
mental  data. 

A  specific  effect  of  the  alumina  disperse  parti¬ 
cles  or^-  the  crystalline  structure  of  the  cobalt- 
based  condensates  is  to  be  noted:  when  the  oxide 
phase  content  increases,  the  high-temperature 
FCC  lattice  of  the  cobalt  matrix  becomes  more 
stable,  what  is  in  agreement  with  the  literature 
data  for  similar  massive  compositions  [9]. 


The  structure  characteristics  variations  of  bi¬ 
nary  metal-oxide  type  systems  as  functions  of  ox¬ 
ide  phase  concentration  and  conditions  of  the 
condensate  obtaining  were  considered  in  publica¬ 
tions  [3-6]. 

From  the  comparison  of  the  structure  charac¬ 
teristics  of  the  condensates  based  on  iron  triade 
metals,  the  conclusion  can  be  made  about  the  sen¬ 
sitivity  of  the  porosity  and  physico-chemical 
properties  determined  thereby  to  the  metal  matrix 
nature. 

Conclusions 

1.  Porous  composite  materials  have  been  ob¬ 
tained  by  the  electron-beam  evaporation  of  a 
metal  (iron  or  cobalt)  and  alumina  out  of  two 
independentsources  and  subsequent  condensation 
of  the  mixed  vapour  flow  onto  a  heated  support. 

2.  Alumina  in  two -phase  condensates  is  found 
to  be  in  fine-dispersed  state.  The  composition  to¬ 
tal  porosity  and  the  crystal  lattice  constant  of  the 
metallic  matrix  increase  with  rising  alumina  con¬ 
tent.  The  submicropores  size  distribution  in  the 
condensates  has  been  established. 

3.  The  comparison  of  structure  characteristics 
of  Fe-Al203,  C0-AI2O3  and  Nh-Al203  conden¬ 
sates  obtained  under  identical  conditions,  shows 
that  the  submicropores  size  and  total  metallic  ma¬ 
trix  porosity  increase  regularly  from  iron  to 
nickel. 

4.  A  correlation  has  been  revealed  between 
condensate  structure,  microhardness  and  sorp¬ 
tion  properties.  The  investigation  results  allow  to 
determine  the  optimum  compositions  of  metal- 
oxide  type  porous  materials  intended  to  use  as  the 
selective  sorbents. 
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Oco6eHHOCTH  nopHCTOH  CTpyKTypbi  MerajiJiOKCH^lHbix  eaKyyivinbix 

KOH^ieHCaTOB 

r.M.KoHeroB,  B.M.EMejibaHOB 

Mero^^aMH  peHTreHorpa(J)HH  na  6ojibmHX  h  Majiwx  yrjiax,  ra30BOH  aAcop6qHH,  H3MepeHHfl 
MHKpoTBqp^ocTH  Hccjic^qoBaHa  crpyKTypa  nopHCTbix  BaxyvMHbix  KOHA^JcaroB  CHcreM  Fe-A^Os  h  C0-AI2O3. 
ycraHOBJICHO,  HTO  3TH  AByX(})a3Hbie  K0Mn03HUHH  COCTOHT  H3  nOpHCTOH  MeraJUIHHeCKOH  MaTpHqbl  H 
paBHOMepHo  pacnpe;^ejieHHbix  b  hch  flHcnepcHbix  nacTHq  okch^hoh  (J)a3bi.  H3yHeHb!  xapaKrepHCTHKH 
nOpHCTOCTH  B  3aBHCHMOCTH  OT  COCTaBa  KOiq^eHCaTa.  OTMeneHO  BJIH5IHHe  XHMHHeCKOH  npHpO^bl  MaXpHHHOrO 
Merajuia  Ha  crpyicrypHbie  napaMerpbi  h  cop6qHOHHbie  cBOHcrBa  MerajuiOKoqiHbix  KOMno3HqHH. 
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Study  of  surface  chemistry  of  the  active  titanium  dioxide 
used  in  sorption  and  catalysis  processes 


V.P.Koryukova,  E.V.Shabanov  and  G.L.Kamalov 


A.V.Bogatsky  Physico-Chemical  Institute,  National  Academy  of  Sciences 
of  Ukraine,  86  Chemomorskaya  Doroga,  270080  Odessa,  Ukraine 

The  influence  of  the  preparing  conditions  and  the  composition  of  the  heterogeneous  system  Ti02  — 
aqueous  solution  (gas)  on  the  surface  groups  composition  of  crystalline  hydrated  titanium  dioxide 
(pigment  industry)  was  studied.  The  nature,  polyfunctionality  and  lability  of  the  sorption  and  catalytic 
centers  are  explained  on  a  base  of  the  hydrolytical  model  of  the  S04-inclusions  transformations  on  the 
titania  surface. 


Bubhcho  bojimb  yMOB  OAcpxcaHHH  xa  cKJiaay  rexeporeHHoi'  chctcmh  Ti02  —  boahhh  po3HHH  (ras)  na 
cKJia^^  noBepxHCBHx  rpyn  KpHcrajiiHHoro  riApaxoBaHoro  AioKCHAyTHTany  (bhpo6hh4XBO  nirMenxiB). 
npupoAa,  noJii4)yHKi;ioHajibHicxb  xa  Jia6ijibHicTb  aicxHBHHx  qenxpiB  cop6qii’  i  Kax^isy  MOAH4)iKaqiH 
TIO2  inxepnpexoBana  na  6a3i  liApojiixHHHoi'  MOACJii  xpaHC(|)opMaqii  S04-BKjnoHeHb  na  noBepxni. 


The  wide  variety  of  surface  groups  of  the  ac¬ 
tive  titanium  dioxide  and  their  transformations  in 
the  function  medium  cause  the  ambiguity  of  theo¬ 
retical  notions  about  the  nature  of  adsorption 
and  catalysis  active  centers. 

Among  the  heterogeneous  photocatalytic  sys¬ 
tems  on  the  basis  of  titanium  dioxide,  those  pre¬ 
pared  by  thermal  hydrolysis  of  sulphuric  acid 
solutions  containing  titanium  (THT)  are  believed 
to  be  most  effective  [1].  In  contrast  to  other  syn¬ 
thesis  techniques,  the  thermo -hydrolytic  method 
of  obtaining,  in  a  solution,  of  the  crystalline  hy¬ 
drated  titanium  dioxide  (anatase)  ensures  the  re¬ 
producibility  of  the  solid  phase  composition  and 
properties  and  the  stability  thereof  during  storage 
and  heat  treatment  [2].  The  THT  products  are 
characterized  by  the  high  crystallinity  degree,  de¬ 
veloped  surface  and  a  pronouced  structure  imper¬ 
fection,  which  causes  the  variety  of  active  center 
types  [3].  This  fact  determines  significant  poten¬ 
tial  of  THT  as  the  base  for  selective  sorbents  and 
photoc.atalysts  [4 — 7]. 

The^marked  composition  non-stoichiometry 
characteristic  for  THT  is  represented  by  various 
types  of  structure  defects.  Among  those,  disrup¬ 
tions  of  the  anatase  lattice  regularity  are  predomi¬ 
nant,  including  dope-type  ones  due  to  the 
incomplete  hydrolysis  of  acid  residues  and  con¬ 


trolling  the  Ti02  semiconducting  properties.  Het¬ 
erogeneous  cations  poorly  coordinated  on  the 
surface,  including  those  substituting  titanium 
(statistically  distributed  Si,  Fe,  Al)  or  occluded 
during  crystallization  (Cu,  Co,  Ni),  create  the 
high  uncompensated  charge  areas  causing  forma¬ 
tion  of  additional  hydroxyl  groups  with  increased 
acidity  due  to  the  water  dissociative  adsorption. 
The  presence  of  such  proton-donor  centers,  along 
with  numerous  forms  of  oxygen-hydrogenic 
groups  bonded  to  titanium,  determines  the  pro¬ 
nounced  polyfunctionality  of  the  titanium  diox¬ 
ide  technical  grades.  Admixtures,  distorting  the 
electron-energy  structure  of  the  wide-zone  semi¬ 
conductor,  cause  the  Fermi  quasi-level  shift  un¬ 
der  hghting.  The  unhydrolyzed  acid  residues,  i.e. 
sulphate  groups  having  a  high  mobility  and  form¬ 
ing  a  solid  solution  in  the  anatase  do  organize  the 
structure  of  the  hydrate  sphere  on  the  THT  inter¬ 
phase  surface  and,  via  the  crystal  lattice,  effect 
inductively  the  chemisorbed  water  molecules, 
thus  changing  the  surface  energy  pattern  and 
acid-base  properties  [2,3].  The  sulphate  presence 
in  the  bridge-like  coordination  [10]  brings  about 
changes  manifesting  theirself,  especially,  in  the 
value  of  the  specific  surface  of  the  hydrated 
anatase  which  is  anomalously  great  for  crystalline 
modifications,  as  well  as  in  the  absence  of  olatron 
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and  oxolation  processes  (“ageing”)  during  stor¬ 
age  and  heat  treatment.  Of  substantial  impor¬ 
tance  are  distinctions  between  technical-grade 
and  regular  anatase  preparations  concerning  the 
structural  cavities  dimensions  and  transport 
channels  system  permeability,  which  define  the 
mass  transfer  conditions  in  sorption  and  catalysis 
processes.  The  predominance  of  micropores 
which  cannot  be  measured  using  traditional 
methods  is  responsive  for  the  scatter  of  the  spe¬ 
cific  surface  values  depending  of  the  sorb  ate  na¬ 
ture.  In  all  cases,  however,  these  values  are 
underrated  as  compared  with  the  true  size  of  the 
active  surface  accessible  for  small  molecules  or 
ions  [3]. 

The  aim  of  this  work  is  to  study  the  specific 
chemical  and  structural  features  of  the  hydrated 
titanium  dioxide  (anatase)  obtained  by  thermal 
hydrolysis  of  sulphuric  acid  solutions  of  titanium 
(IV),  including  polymetallic  ones. 

Experimental 

Samples  used  in  this  work  were  obtained  in 
our  laboratory  by  thermal  hydrolysis  of  solutions 
produced  by  means  the  sulphuric-acid  stripping 
of  ilmenite  concentrate  during  titanium  pigment 
production,  as  well  as  the  purified  solutions;  the 
industrial  intennediate  products  (technical  grade 
and  special  purity  grade)  were  also  employed. 
The  laboratory  preparations  were  obtained  ac¬ 


cording  to  the  optimized  version  of  the  thermal 
hydrolysis  method  [8]  which  ensured  the  chemi¬ 
cal,  phase  and  dispersion  homogeneity  and  a  high 
crystallinity  degree  (anatase  93 — 97  %,  rutile  3 — 
5  %)  without  the  specific  surface  reduction  (not 
less  than  120  m^/g).  The  possibility  of  matrix 
standardization  enables  more  correct  determina¬ 
tion  the  specific  chemical  features  of  the  sample 
surface. 

Results  of  the  tHT  attestation  by  the  low- 
temperature  nitrogen  adsorption  method  are  as 
follows  (mmol/g):NH3,  1.38;  HCI,  0.27;  and  CO2, 
0.38  (after  NH3  preadsorption)  at  the  atmos¬ 
pheric  pressure  and  3.2,  1.0,  and  0.38,  respec¬ 
tively,  at  the  surface  saturation  by  sorbates.  The 
mild  dehydration  conditions  (100®C)  excluding 
the  destruction  of  the  active  hydrate  structures 
chemisorbed  on  the  surface  have  assured  the 
maximum  approximation  to  the  interphase  sur¬ 
face  state  in  heterogeneous  systems  TIO2— gas 
and  Ti02 — solution.  Due  to  high  strength  of 
chemical  bonds,  the  air-dried  samples  and  those 
dehydrated  at  the  temperature  of  the  physically 
sorbed  water  elimination  restore  the  surface 
structure  by  chemisorption  of  water  vapour  from 
the  ambient  air. 

In  Tables  1,2  and  in  Fig.  1-3,  characteristics  of 
preparations  studied  are  presented. 

Fig.  1  and  2  illustrate  the  results  of  the  acidi- 
metric  determination  of  the  fluoride-substitutable 
surface  functional  groups  compensating  the  coor- 


Fig.  1 .  Variation  of  the  samples  surface  hydroxylation  degree  depending  on  the  pre-hydrolysis  mixture  composition 
{a)  and  on  the  contact  time  (x,  hours)  with  modifying  agent  (/?) 


Sample  No. 

1 

2 

3 

4 

5 

6 

Ti02,  g/dm^ 

100 

100 

100 

100 

50 

20 

Fe/Ti02,  % 

- 

- 

0.45 

0.45 

0.45 

0.45 

Anatase  nuclei,  % 

1.0 

1.0 

1.0 

0.5 

0.5 

0.5 
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Table  1.  Characteristics  of  samples.  E  is  the  Cu,  Co,  Ni,  Cr,  Mn,  Cd  and  Pb  total  content. 


Compo 

sition,  %  b 

y  mass 

1( 

Si 

Fe 

A1 

I 

Ti02 

SO3 

H2O 

0.1 

0.1 

0.1 

0.1 

69.80 

3.86 

26.34 

10 

3 

1 

5 

77.70 

7.18 

15.12 

10 

5 

1 

5 

77.90 

4.61 

17.49 

10 

1 

1 

5 

76.50 

4.79 

18.71 

2 

0.1 

0.1 

2.3 

77.4 

7.10 

15.50 

Specific  Densi^,  Particle  lOH, 
surface,  g/cm  size,  ^im  pH  11, 
m  /g  mequiv/g 

(BET 
method) 


*  Cu,  Cr,  Mn,  Cd  5-10^%;  Ni,  Co,  Pb  MO-^yo. 


**  Special  purity  grade.  The  crystallinity  degree:  Nos.  1,2-  50%;  3,4,5  -  96  to  100%. 

Table  2.  Chemical  composition  and  sorption  characteristics  of  samples  No.  1,2  and  3  in  the  ion-exchange  cycle.  HzO^  is  the 
water  eliminable  up  to  1 50°C;  that  eliminable  in  the  temperature  range  1 50-500°C. 


Characteristic  of  samples 

No.l 

No.2 

N0.3 

Composition,  mass  %: 

Ti02 

79.0 

81.1 

78.6 

HjO 

16.6 

18.7 

17.9 

SO, 

4.4 

0.2 

3.5 

Formula: 

■ 

TiOi  8(503)0  056(^2^)^0.370(^2^)  0.565 

No.l 

TiOi  8(503)0  0025(^2^)  0.256(*^2^)  0.781  (^®)o.041 
‘r:r\  /oov  \  /u  r\\P  /u 


Specific  surface,  m _ 

OH  groups  content  (pK  -  3.5),  mequiv/g _ 

Na  content,  equiv/g _ 

_ Na  content  after  water  washing,  mequiv/g _ 

Catalytic  activity  in  relation  to  that  of  the  initial  sample,  increase  by,  times: 
H2O2  decomposition 
HjO  photoreduction 


dinational  unsaturation  of  the  surface  ions  [9]  In  Tab 

and  the  variation  range  of  the  Ti02  active  surface  change  pn 
state  as  depending  on  the  thermal  hydrolysis  con-  for  sample 
ditions  (under  reaction  medium  parameter  vari-  of  the  ior 
ation).  (No.l),  of 

The  appearance  of  the  sorption  isotherms  for  tion  up  tc 
molecules  (Fig. 3)  and  alkali  metal  ions  as  the  pH  “regenerat 
function  (Fig.  2)  reflects  the  poly  functionality  and 
“sieve”  properties  of  anatase. 


In  Table  2,  the  chemical  analysis  of  ion-ex¬ 
change  products  and  characteristics  are  presented 
for  samples  obtained  under  step-by-step  control 
of  the  ion-exchange  cycle,  i.e.  of  initial  THT 
(No.l),  of  that  treated  by  sodium  chloride  solu¬ 
tion  up  to  saturation  (No.2),  and  of  the  latter 
“regenerated”  by  the  acid  washing. 
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S04-equiv 


2  46810  pH  1234  A(OH) 

Fig. 2.  Isotherms  of  alkali  metal  ions  sorption  (a)  and  of  pH-neutralization.  Isomolar  series,  0.04  mmol/g:  I  to  7  - 
NaOH  +  NaCI;  8  -  Ba(OH)2  +  BaCl2.  Nos.  1 .8  -  THT;  No. 2  -  THT  neutralized  to  pH  1 1 ;  No. 3  -  THT  neutralized  to 
pH  1 1,  water-washed;  No. 4  -  “regenerated”  No. 2;  Nos. 2, 3, 4  -  suspension  in  0.02  mM  HCI;  Nos. 5, 6  -  THT 
thermally  treated  at  400  and  500°C,  respectively;  No. 7  -  THT  highly  doped  by  Fe(lll). 


OH/Ti 


/ 


4  A(OH),  mmol/g 


Fig. 3.  Molecules  adsorption  isotherms  for  THT  (I)  and  THT  +  NH3  (2).  AF/Ar-  pore  radius  distribution; 
A  -  sorption  value,  mmol/g. 
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Discussion 

The  comparison  of  results  obtained  in  the 
course  of  study  of  thermo  hydrolytic  anatase  modi¬ 
fications  by  sorption  methods  as  well  as  of  data 
concerning  pH-alkalimetry  and  acidimetry  of  fluor- 
substitutable  hydroxyls  leads  to  the  following  con¬ 
clusions  about  the  nature  of  active  groups  which 
may  act  as  the  sorption,  proton  exchange,  and  ca¬ 
talysis  centers.  The  total  amount  of  the  ammonia- 
adsorbing  acid  centers  corresponds  to  the  data  of 
the  alkalimetry  at  high  pH  values  which  accounts 
for  various  acid  center  types.  The  number  of  ah 
initio  reactive  centers  coincides  with  results  of  the 
acidimetry  of  hydroxyls  substituted  by  fluoride  ion 
as  well  as  with  the  maximum  value  of  the  alkali 
metal  ion  sorption  (of  sodium  which  is  adsorbed 
without  by-processes). 

The  CO2  adsorption  by  THT  sample  treated 
by  the  NH3  preadsorption  depends  not  on  the 
relative  pressure.  The  values  of  CO2  and  I2  sorp¬ 
tion  (0.38  mmol/g)  by  dehydrated  “salt”  anatase 
forms  from  solutions  in  CCI4  are  the  same,  while 
the  initial  “hydrogen”  THT  form  does  not  sorb 
iodine.  Since  the  “salt”  forms  differ  from  “hydro¬ 
gen”  one  by  that  they  contain,  in  interlayer  cavi¬ 
ties  of  the  anatase  lattice,  instead  of  sulphate 
bridges,  hydrolysis  products  thereof,  it  can  be 
supposed  that  there  are  just  centers  induced  by  a 
cation  at  pH  values  exceeding  the  isoelectric  point 
which  are  responsive  for  CO2  and  I2  adsorption. 
After  -  SO4  admixture  eliniination  under  anhy¬ 
drous  conditions  (calcination  at  500  °C),  the  sam¬ 
ples  remain  inert  in  relation  to  I2.  These 
transformations  effect  only  slightly  the  adsorp¬ 
tion  of  sterically  unlimited  water  molecules. 
Therefore,  the  results  of  CO2  and  I2  adsorption 
do  not  characterize  the  initial  anatase  sample,  but 
its  ammonium  derivative.  The  value  of  HCI  sorp¬ 
tion  on  samples  treated  by  the  ammonia  pread¬ 
sorption  amounts  to  one-half  of  the  ammonia 
consumption  (1.6  mequiv/g)  and  characterizes  the 
total  number  of  surface  groups  of  non-acid  and 
basic  types  present  on  the  surface  initially  and 
induced  by  the  incorporated  ammonium  ion. 
These  centers  can  be  suggested  to  be  presented 
mainly  by  amphoteric  hydroxyls,  pair  to  the  acid 
OH  groups  in  the  interlayer  space,  as  well  as  by 
more  basic  hydroxyls  being  formed  in  the  process 
of  THT  interaction  with  alkalies. 

Isoterms  of  sorption  and  those  of  pH-neu- 
tralizatibn  of  the  THT  acid  groups  (Fig. 2)  are 
characterized  by  the  pronounced  polyfunctional¬ 
ity  and  values  multiplicity  on  the  sections  where 
the  proton-donor  groups  amount  depends  step¬ 
wise  on  the  suspension  pH.  The  structure  reveals 


Functional  materials,  2,  7,  1995 


a  “memory”  in  relation  to  the  defect  being  elimi¬ 
nated  (sulphogroup)  incorporated  earlier  in  the 
course  of  the  anatase  crystallization  during  the 
thermohydrolysis  of  the  sulphate  titanium  com¬ 
plexes.  The  number  and  strength  of  acid  groups  is 
controlled  by  the  conditions  of  the  subsequent 
thermohydrolysate  treatment. 

The  sorbat  nature  influence  reveals  itself 
clearly  (Fig.2,3)  caused  by  the  combination  of  the 
THT  ultramicroporous  surface  sieve  effect  and  of 
chemical  factors  limiting  the  nature  of  the  surface 
complex.  The  complex  form  of  the  alkali  metal 
sorption  isotherms  is  explained  by  the  superposi¬ 
tion,  onto  the  exchange  stoichiometry,  of  conju¬ 
gated  dehydration  and  rehydration  reactions  as 
well  as  of  interphase  surface  transformations  in¬ 
duced  by  the  sorbate  (differentiated  due  to  dis¬ 
tinctions  in  the  sorbate  effects  on  hydrate  water 
structure  and  nearest  OH  groups,  ion  size  and 
basicity). 

The  relationship  between  the  alkali  metal  ion 
sorption  value  and  ion  size  under  variation  of  the 
suspension  pH  (as  the  most  intensive  factor  in  the 
system)  and  the  jump-like  capacity  increase  at  pH 
exceeding  7  allow,  in  agreement  with  the  pH-al- 
kalimetry  data,  to  suggest  that  the  cation-ex¬ 
change  centers  are  just  the  hydro xonium  ions  of 
interlayer  hydroxyl-hydrate  structures  being 
formed  in  the  process  of  anatase  samples  interac¬ 
tion  with  the  reaction  medium.  These  structures 
are  decomposed  by  a  mineral  acid  or  alkali  ex¬ 
cess,  but  are  regenerated  after  a  longterm  water 
washing.  Such  a  suggestion  is  not  in  contradic¬ 
tion  to  data  published  [1 1]  characterizing  the  hy- 
droxonium  groups  bonded  with  titanium-oxygen 
surface  groups  as  most  strong  acid  centers;  more¬ 
over,  the  replacement  of  the  hydroxyl  group  pro¬ 
ton  by  the  fluoride  ion  results  in  the  loss  of 
cation-exchange  function  due  to  the  destruction 
of  the  three-spin  configuration. 

The  active  anatase  polyfunctionality,  taking 
into  account  the  clearly  revealed  multiplicity  of 
the  sorption  value  to  the  sulphate  residue  content 
in  the  initial  THT  sample,  indicates  the  presence 
of  a  genetic  association  between  corresponding 
functional  groups  acting  as  the  sorption  centers. 

The  water  molecules  compensating  the  coor- 
dinative  unsaturation  of  the  surface  titanium 
ions  are  able,  as  a  result  of  the  dissociative 
chemisorption,  to  form  additional  hydroxyl 
groups  of  two  types  (ThOH  and  -0(H)-);  the 
number  thereof  correspond  stoichiometrically  to 
the  sulphogroups  desorption  (OH/SO4  for  the  sur¬ 
face  sulphogroups  and  2OH/SO4  for  the  bridge- 
type  ones). 
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The  dynamics  of  the  active  anatase  surface 
formation  in  an  electohl^e  solution  is  showed  il¬ 
lustratively  in  Fig. 2.  The  sulphate  admixture 
elimination  at  the  sample  contact  wth  the  elec¬ 
trolyte,  pH  exceeding  the  isoelectric  point,  is  ac¬ 
companied  by  a  substantial  decrease  of  its  acid 
capacity.  Under  the  Na-modified  sample  “regen¬ 
eration”  conditions  by  the  acid  treatment  (titra¬ 
tion  of  the  THT  suspension  in  HCl),  the  initial 
acid  capacity  does  not  recover  and  is  determined 
by  the  2OH/SO4  stoihiometry.  The  water  wash¬ 
ing  of  such  a  sample  from  the  excessive  acid  leads 
to  a  sharp  increase  of  its  surface  acid  properties: 
the  dissociation  pK  diminishes  by  4  units,  and 
amount  of  the  proton-donor  centers  having 
pK  ~  6  becomes  corresponding  to  the  initial  sam¬ 
ple  total  alkali  and  ammonia  capacity. 

Comparison  of  the  components  ratio  in  the 
samples  (see  Table  2),  with  account  for  the  tem¬ 
perature  limits  of  the  chemisorption  and  physical 
sorption  of  water,  shows  that,  as  a  result  of  the 
contact  with  sodium  chloride  solution,  the 
desorption  of  sulphate  inclusions  occurs,  the  rela¬ 
tive  water  molecules  number  being  changed  in 
equivalence  with  the  sulphate  groups  content, 
The  sodium  sorption  value  corresponds  to  the 
doubled  number  of  sulphogroups  being  regener¬ 
ated  in  the  sample  and  to  the  number  of  the  struc- 
tural  hydroxyls  as  determined  by  PMR 
experiment  [3].  The  specific  surface  of  the  sample 
increases  twofold  due  to  the  modification.  There¬ 
with,  a  sharp  increase  of  the  THT  catalytic  activ¬ 
ity  in  the  hydrogen  peroxide  decomposition  and 
water  photode^omposition  processes  is  observed. 

Studying  tlie  anatase  contact  with  the  potas¬ 
sium  fluoride  solution  at  pH>8,  it  is  possible  to 
trace  the  time  evolution  of  the  hydroxyl -hydrate 
bridge  structures  formation.  First,  the  surface  hy¬ 
droxyl-containing  groups  are  displaced  into  solu¬ 
tion  by  the  fluoride.  Then,  after  16  hours  of  a 
quasi-equilibrium,  the  jump -like  doubling  of  the 
number  of  hydroxyls  evolved  occurs.  Compari¬ 
son  of  the  pH-alkalimetric  titration  curves  for 
samples  taken  in  the  first  and  seconds  quasi-equi¬ 
librium  states  of  the  heterogeneous  THT-aqueous 
KF  system  (Fig.l)  illustrates  clearly  the  time  evo¬ 
lution  of  the  formation  of  proton-donor  centers 
with  pK  4,5  at  pH  exceeding  the  Ti02  isoelectric 
point,  i.e.  that  ensuring  the  anionic  admixtures 
desorption  from  the  solid  phase.  The  ultrasonic 
treatment  of  the  anatase  sample  suspension  modi¬ 
fied  by  KF  for  24  h  results  in  the  break  of  bridge- 
type  linkages  which  reveals  as  the  specific  surface 
doubling  and  crystal  aggregates  destruction.  A 
prolonged  contact  of  the  phases  is  accompanied 
by  anatase  corrosion  due  to  the  fluor-titanium 


complexes  formation;  therewith,  first  of  all,  the 
most  reactive  part  of  the  active  surface  in  the  in¬ 
terlayer  space  becomes  lost.  Therefore,  such 
preparations  loss  their  sorption  and  catalytic  ac¬ 
tivity.  The  samples  corresponding  to  various  por¬ 
tions  of  the  “fluoration”  kinetic  curve  differ 
substantially  in  the  functional  activity  in  sorption 
and  photocatalytic  systems. 

A  critical  value  of  the  residual  sulphate  bridges 
content  in  anatase  (about  0.2  %)  seems  to  exist,  be¬ 
low  of  which,  the  deterioration  of  crystal  aggregates 
occurs,  which  manifests  itself  as  the  specific  surface 
increase  (by  two  times)  and  rise  of  the  powder  dis- 
persity.  The  action  of  monobasic  mineral  acids  so¬ 
lutions  can  cause  their  peptization.  The  sulphate 
bridges  presence  appears  to  be  a  necessary  condi¬ 
tion  for  the  preservation  of  the  layer-like  structure 
character  of  active  anatase  with  all  its  functional 
advantages  ensuing  therefrom. 

Exceeding  the  400  °C  temperature  limit  causes 
a  sharp  drop  of  the  acid  centers  number,  there¬ 
fore,  that  value  seems  to  be  considered  as  the  up¬ 
per  limit  of  the  THT  active  centers  thermal 
stability. 

It  can  be  suggested  from  the  foregoing  that, 
due  to  high  mobility  of  sulphate  inclusions,  in 
THT  aqueous  suspensions  at  pH  exceeding  the 
isoelectric  point,  a  new  interlayer  surface  compo¬ 
sition  arises  in  which  hydroxyl-hydrate  bridge¬ 
like  structures  become  predominant  ones. 

Combination  of  the  wedging  effect  of  ions  (S05”, 
alkali  metals)  with  increasing  number  of  inter¬ 
layer  channels,  being  formed  due  to  the  sulphate 
bridges  hydrolysis  and  containing  the  most  active 
proton-donor  centers,  is  favourable  for  the  react¬ 
ing  particles  transportation,  causes  a  radical 
change  in  the  surface  electron-energy  state  and,  as 
a  consequence,  the  mass  transfer  intensification 
in  the  sorption  and  photocatalytic  systems.  Nu¬ 
merous  experimental  facts  point  to  a  substantial 
change  of  the  Ti02  surface  nature  influenced  by 
structural  defects.  We  can  suggest  obviously  that 
the  state  of  the  surface  active  centers  is  a  resulting 
effective  function  of  several  variables  determined 
by  the  synthesis  conditions  and  function  medium. 
Therefore,  the  sample  pre-history  must  be  taken 
into  account,  i.e.  the  initial  surface  state  and  its 
transformation  dynamics  influenced  by  intrinsic 
or  induced  structure  defects. 
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HsyneHHe  xhmhh  noeepxHOCTH  aKTHBHoro  iiHOKCii.aa  THTaua, 
iicnojib3yei\ioro  b  npoueccax  cop6uHH  h  Karajiusa 

B.n.KopiOKOBa,  E.B.UIa6aHOB,  r.Jl.KaMajiOB 


HayueHo  BJiHHHHe  ycjioBHH  nojiyueHHH  h  cocraBa  rereporeHHOH  cHcreMbi  TiOa  -  boahwh  pacTBOp 
(raa)  ua  cocraB  noBepxHocxHbix  rpynn  KpHcrajinHuecKoro  rH^paTHpoBaHHoro  AHOKcnna  XHTana 
(npOHBBOnCTBO  nHEMeHTOB).  HpHpOAa,  nOJTH(J)yHKqHOHaJIbHOCTb  H  JiaGHJIbHOCTb  aKTHBHbIX  qeHTpOB 
cop6qHH  H  KaxajiHBa  npoHaBoqHbix  Ti02  o6'b5icHeHa  na  ochobc  rHnpojiHXHHecKOH  Moncjin 
npcBpaiqeHHH  SO4  -  BKjnoneHHH  na  noBepxHocxH. 
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Influence  of  hydrogen  on  reconstruction  diamond 
(111)  (2  X  1)  surface  by  the  ESR 

N.V.Tokiy,  D.L.Savina  and  V. V.Tokiy 

Donbass  State  Academy  of  Architecture  and  Constructions, 

339023,  Makeyevka,  Ukraine 

The  hyperfme  interaction  parameters  for  a  nucleus  positioned  on  the  (111)  surface  of  diamond 
have  been  examined  and  scrutinized.  Within  the  limits  of  the  tight -binding  theory,  the  cluster  calculation 
have  been  performed  for  the  models  with  the  reconstruction  (2  x  1)  of  the  monoatomically  pure  (111) 
diamond  surface  as  well  as  of  that  containing  hydrogen  atoms.  Comparison  of  the  experimental  and  theoretical 
data  on  the  ESR  of  the  surface  paramagnetic  centers  in  diamond  is  made. 

1 3 

npoaHajiisoBani  napaMerpH  HajtTOHKoi  BsacMOAii  Ha  jmpi  Byrjieipo  C,  posMiinenoro  na  noBepxni 
(111)  ajiMasy.  Y  paMKax  Teopii  cHJibHoro  sB’asKy  npOBe^eHi  KJiacrepHi  pospaxynKH  MOAenen  3 
peKOHCTpyKuicK)  (2x1)  ajiMasHoi  noBepxHi  (1 1 1)  MonoaxoMHO  hhcto’i  xa  3  axoMaMH  box(hk).  npOBe^eHO 
nopiBH5iHH5i  eKcnepHMenxajiLHHX  xa  xeopexHHHHX  AaHHX  no  EITP  noBepxHCBHX  napaMamixHHX  qeHxpiB 
y  ajTMasi. 


1.  Introduction 

Recently,  investigation  of  diamond  surface 
(111)  has  aroused  a  great  attention  of  researchers. 
Fairly  detailed  statements  and  interpretations, 
concerning  the  fact  of  the  growing  interest,  can  be 
found  a  number  of  papers,  [1,2]  are  being  a  good 
example.  Disposition  of  atoms  close  to  the  dia¬ 
mond  (111)  surface  presents  both  theoretical  and 
practical  interest.  At  the  same  time,  using  conven¬ 
tional  surface  science  techniques  (Auger  electron 
spectroscopy,  X-ray  photoelectron  spectroscopy, 
low  energy  electron  diffraction  and  other  stand¬ 
ard  surface  analytical  tools)  a  success  is  only 
achieved  in  the  establishment  of  symmetry  of  su¬ 
perstructures  caused  by  rearrangements  of  the 
close-  to-surface  atoms.  The  experimental  data  on 
the  displacement  values  near  the  ideal  monoa¬ 
tomically  pure  surface  remain  still  unavailable. 
The  problem  concerning  the  so-called  real  sur¬ 
face,  i.e.  the  surface  which  is  not  isolated  from  the 
environment  (gas,  liquid  and  solids  of  a  different 
composition)  presents  even  a  more  complicated 
aspect.  Moreover,  we  have  no  accurate  data  on 
the  atomic  configuration  of  such  a  surface  [3]. 


1 3 

2.  Hyperfine  interaction  on  C  in 
diamond 

ESR  is  one  of  the  most  powerful  tools  for 
microscopic  identification  of  the  surface  param¬ 
agnetic  centers  in  diamond,  particularly  when  the 
nuclei  on  which  the  unpaired  spin  resides  have 
naturally  magnetic  isotope. 

Electron  spin  resonance  is  observed  for  elec- 
troos  in  variety  of  situations.  The  one  which  will 
concern  to  us  is  unpaired  electron  localized  in 
orbitals  at  defect  sites  in  solids.  Such  electrons  are 
far  from  being  free  but  are  rather  described  by 
wave  functions  localized  in  a  region  of  the  dis¬ 
crete  crystal  lattice.  The  paramagnetism  of  these 
electrons  reflects  the  interaction  of  electrons  with 
the  lattice  and  we  will  express  this  interaction  in 
terms  of  the  “Spin  Hamiltonian”.  For  the  defects 
in  diamond,  the  most  common  presentation  of 
the  spin  Hamiltonian  is  one  of  the  form  [4] 

3  3  3 

^spin  ~  Z  w.  (1) 

i^k=\  a=l 

The  first  term  is  the  Zeeman  splitting  of  spin 
states  in  external  magnetic  field  H{.  The  gik  re¬ 
flects  the  anisotropy  of  the  local  environment. 
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The  second  term  is  the  interaction  of  the  electron 
spin  with  the  crystal  field  produced  by  the  sur¬ 
roundings  of  the  paramagnetic  centre.  This  term 
exists  only  if  the  effective  spin  S>\/2,  The  last 
term  presents  the  unpaired  spin  (5=1/2)  interac¬ 
tion  with  magnetic  nuclei  ^^C(/=  1/2  is  the  nuclear 
magnetic  moment  of  ^^C).  The  components  of 
the  hyperfme  interaction  tensor  Aik  are  written  as 

=  ggNi^^N  I  <  ®  I  |<I»  + 

+  5,.;t87t|<D(0)|V3],  '  (2) 

where  O  is  the  electronic  defect  wave  function,  g 
and  gN  are  the  electronic  and  nuclear  g  factors, 
respectively,  and  \x  and  pjv  are  the  electronic  and 
nuclear  magnetons.  The  x  vectors  are  measured 
from  the  magnetic  nuclear  For  axially  sym¬ 
metric  systems,  the  diagonal  components  of  Aik 
have  a  non  degenerate  and  twofold  degenerate 
eigenvalues,  conventionally  written  as  A\\  (nonde¬ 
generate)  and  A±  (twofold  degenerate).  If  we  as¬ 
sume  that  the  defect  wave  function  can  be  written 
in  the  form  of  the  sum  of  2s-  and  2p-orbitals  of 
each  atom  of  carbon  and  separately  of  carb¬ 
on  we  shall  have: 

N-l  3 

cD=X(Cil2^'>  +  Ic/j2pj(>)  + 

j  k=^l 

3 

JNl  ^  ^ 

where  N-\  is  the  number  of  carbon  atoms  in 
the  system;  k  runs  along  the  value  of  the  three 
coordinate  axes.  Then,  the  diagonal  components 
of  Aik  can  be  written  as 

^ll  =  a  +  2^  (4) 

Aj^=^a-b,  (5) 

where 

3a  =  I  2j(0)  |  (6) 

and 

3 

b  =  0Aggfj  Wat  <2p  I  1 2/»>5j 

Often  (4),  (5)  when  taking  into  account  (6), 
(7),  are  written  as: 


^\rPs^  +2ppS , 

(8) 

^x^pA-pX- 

(9) 

where:  A*=  ^nggN[i[iN  |  ly(0)  |^/3  and 

B*=  0AggN\Ji[iN<2p  I  r'^  I  2p>  are  constants  of  the 

hyperfme  interaction  for  the  free  carbon  atom 


which  usually  cannot  be  identified  experi¬ 
mentally  but  can  be  calculated  with  a  sufficient 
accuracy  from  the  wave  functions  of  that  free 
atom.  In  this  work,  we  have  used  A  =1 130  G  and 
B* =33  G  [5].  ps=(^^Cs)^  is  the  probability  of  the 
unpaired  electron  residence  on  the  2s  orbital  of 
3 

the  carbon  pp=  ^  f^^Cpi^  is  the  probability 
/c=r 

of  the  unpaired  electron  residence  on  the  2p  or¬ 
bital  of  the  carbon 

3.  £SR  of  the  surface  of  diamond 

The  experimental  data  on  ESR  of  the  dia¬ 
mond  surface  are  few  in  number,  see,  for  exam¬ 
ple,  the  review  [3].  Among  them,  there  are 
practically  no  reports  dealing  with  the  magnetic 
nuclei  of  carbon  ‘^C  which  are  a  real  probe  of  the 
microstructure  of  the  diamond  surface.  Only  in 
[6,7]  one  of  the  authors  of  the  present  work  has 
scrutinized  the  peculiarities  of  the  paramagnetic 
resonance  on  the  surface  centers  of  diamond  and 
identified  the  HFI  parameters  of  the  unpaired 
electron  on  the  carbon  nucleus  (A\\  =  238  G 
and>fx=  120  G). 

4.  Cluster  calculation 

In  this  work,  the  consideration  is  based  on  the 
simulation  of  the  C(lll)  diamond  surface  by  a 
cluster  of  22  carbon  atoms  with  C3  symmetry. 
The  system  is  interpreted  as  a  large  molecule. 

The  group,  in  the  shape  of  a  hemisphere,  in¬ 
cludes  a  central  nodal  point  (0,0,0)  plus  its  first 
three  (1,1,1),  nine  second  (2,2,2),  six  third  (3,1,1) 
and  three  forth  (4,0,0)  nearest  neighbours  in  a 
diamond  lattice.  We  have  modelled  a  C  (1 1 1)  sur¬ 
face  consisting  of  a  single  central  carbon  hav¬ 
ing  a  dangling  bond  perpendicular  to  the  surface 
and  surrounded  by  six  secondary  carbon  atoms, 
each  having  a  surface-normal  dangling  bond 
(variant  I)  or  four  having  a  C — H  bond  and  two 
having  a  dangling  bond  perpendicular  to  the  sur¬ 
face  (variant  II). 

We  use  the  tight-binding  theory  [8,9].  In  this 
theory  of  3p-bonded  systems,  the  electronic  eigen¬ 
states  are  written  in  terms  of  a  basis  set  consisting 
of  a  single  s  state  and  three  p  states  on  each  atom. 

The  corresponding  one-electron  eigenvalues 
and  eigenfunctions  are  then  obtained  by  di¬ 
agonalizing  an  N^N  Hamiltonian  matrix  based 
upon  these  N  orbitals. 

In  this  work,  the  basis  system  is  limited  by 
sp^-  hybridized  orbitals  made  of  one  j-orbital  and 
three  px-,  Py-  and  pz-  orbitals  of  the  valence  shell 
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of  each  atom.  These  are  2s-  and  2p-  atom  wave 
functions  of  carbon.  It  is  assumed  that  these  orbi¬ 
tals  are  orthogonal  on  different  atoms.  However, 
the  hybridized  orbitals  are  not  eigenfunctions  of 
the  quantum-mechanical  system  under  question. 
Since  the  Hamiltonian  matrix  elements  among  dif¬ 
ferent  hybrids  are  not  equal  to  zero,  we  utilize 
parameters  consisting  of  Herman -Skillman  tenn 
[10]  values  for  diagonal  terms  8s=- 17.52  eV,  es=  - 
8.97  eVand  the  formula 

for  the  interaction  between  nearest  neighbouring 
orbitals.  The  first  two  subscripts  indicate  the  orbital 
coupled  and  the  last  indicates  the  component  of 
angular  momentum  around  the  intemuclear  axis. 
The  coefficients  are  %5ct=-1.40,  r|^pa=l-84, 
ri;,;7a=3.24  and  ri;?;,7t=-0.81  from  [8]. 

To  find  the  eigenfunctions  and  eigenvalues  of 
the  system  energy,  it  is  necessary  to  diagonalize 
the  symmetrical  matrix  H^v.  The  single  electron 
orbitals  in  our  cluster  can  be  expressed  as 

N 

«’a  =  i:^val*v>,  (H) 

where  (//  v )  —  basis  hybridized  orbitals,  and  in¬ 
dex  V  runs  along  all  the  hybridized  orbitals  on 
each  atom  and  on  all  atoms;  N  —  the  number  of 
the  basis  functions;  Cva  —  the  solution  of  the 
single -electron  equations  for  the  cluster: 

N 

=  a=l,2„..yV,  (12) 

.  V 

where  Ea  —  the  single-electron  eigenvalue  of  the 
cluster  energy,  —  the  matrix  elements  be¬ 
tween  the  hybridized  orbitals.  The  wave  function 
of  the  unpaired  electron  localized  on  the  carbon 
in  which  the  coefficients  are  the  solutions  of 
the  equation  system  (12),  is  given  as  (3). 

5.  Results  and  discussions 

By  diagonalising  the  Hamiltonian  matrix  and 
by  finding  Cv  coefficients  of  the  wave  function  (3), 
using  the  formula  (8)  and  (9),  we  can  find  A\\  and 
A±.  The  interaction  results  calculation  of  the  hy- 
perfme  parameter  ^iso  =  ^  (  Cs)  on  the  surface 
nucleus  of  carbon  for  the  cluster  model  of 
C(1 1 1)  surface  are  shown  in  Fig.  1. 

These  lines  show  ps  and  ^iso  vs  displacement 
(r)  of  elevated  (line  Ib)  and  downcast  (line  la) 


from  their  ideal  value  on  the  surface  not  contain¬ 
ing  (line  II)  and  containing  hydrogen. 

The  isotropic  h^perfine  interaction  constant 
Aiso=(A\\  +  2A±)/3,  detennined  by  the  experimen¬ 
tally  measured  A\\  and  Ax  from  [6],  is  shovm  in 
the  shape  of  a  dashed  line.  These  experimental 
data  have  been  obtained  from  the  ESR  spectrum 
of  powdered  natural  diamond  with  a  particle  size 
of  1  |Lun  at  room  temperature.  Analysis  of  the  fig¬ 
ure  1  shows  that,  at  a  room  temperature,  which  is 
used  at  the  ESR  experiments,  the  (1 1 1)  surface  is 
hardly  reconstructed  on  (2  x  1).  The  experimental 
data  agree  beat  of  all  with  our  calculations  [7]  of 
relaxation  of  the  surface  layer  into  depth  of  crys¬ 
tal  on  4.5  pm  (line  III  in  the  Fig.  1). 


113  158  Aiso(G) 


Fig.  1- 
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BjiHHHHe  BOziopoAa  Ha  peKOHCTpyKUHio  (2  X  1)  noBepxHocTH  (111) 
ajiMasa  no  /laHHUM  3JieKTpoHHoro  cnHHOBoro  (napaMaiuHTHoro) 

pesoHaHca 

H.B.Tokhh,  Jl.JI.CaBHHa,  B.B.Tokhh 

npoaHaJiH3HpoBaHW  naipaMeTpbi  csepxTOHKoro  BsaHMOfleficTBHfl  Ha  a  Ape  yrjiepoAa 
pacnojio}KeHHoro  Ha  noBcpxHOCTH  (Ill)  ajiMasa.  B  paMKax  xeopHH  CHJibHoii  cbii3H  npoBeAenbi 
KJiacrepHbie  BbiHHCJieHHfl  MOAeueH  peKOHcrpyKUHH  (2  x  1)  ajiMasHoii  noBepxHOCTH  (111)  MOHoaxoMHo 
HHCTOft  H  C  aXOMaMH  BOAOpOAa.  npOBCACHO  CpaBHCHHe  XeOpeXHHeCKHX  H  3KCnepHMeHXaJlbHblX  AftHHblX 
no  3nP  noBepxHocxHbix  napaMarHHXHbix  ueHxpoB  b  aiiMaae. 
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Dependences  of  temperature  and  heat  of  phase  transitions  in  components  of  the  polychlorotrifluore- 
thylene  (PCTFE)  —  dispersed  vanadium  dioxide  (VO2)  system  on  the  VO2  concentration  have  been 
studied.  It  is  shown  that  VO2  is  an  active  regulator  of  the  supermolecular  PCTFE  structure.An  effect  of 
the  polymeric  matrix  on  parameters  of  the  metal-semiconductor  phase  transition  (PTMS)  in  the  filler  has 
been  found  and  studied.  It  is  shown  that  areas  of  the  polymeric  matrix  that  are  adjacent  to  filler  particles 
make  a  significant  contribution  to  variations  of  the  PTMS  temperature  and  heat  in  vanadium  dioxide. 


Bubmcho  3ajie^Hocn'i  xeMnepaTypn  ra  TenjiOTn  ijiaaoBHX  nepexoztiB  y  KOMnoHeHxax  cucreMH 
nojiixJiopTpii4FropeTiiJTeH  (OXTOE)  —  uncnepcHHU  miOKCim  Banamio  Bin  KOHueiiTpaqii  VO2. 
rioKa'BaHO.  mo  VO2  e  aKTUBHiiM  peryjinTopoM  HanMOJicKyjiHpHoi  crpyKTypn  flXTOE.  BH5iBJieno  i 
nocjiin>KeHo  bojiiib  nojiiMepHOi  Maxpuiti  na  napawexpii  ({laaoBoro  nepexony  Meran-HaniBiipOBinHUK 
(OriMH)  y  HanoBHiOBaHi.  noKa3ano,  mo  cyxxcBHU  bhccok  y  aMiny  xcMnepaxypn  xa  xenjioxu  <DnMH  b 
niiOKCuni  BauaniK)  BHOCJixb  o6jiacxi  nojiiMepHoi  Ma^rpimi,  AKi  Me^ytoxb  3  nacxHHKaMH  HanoBnioBaHa. 


Study  of  materials  having  new  functional 
properties,  including  filled  polymers,  is  of  applied 
as  well  as  of  scientific  interest  [1,2].  In  [3,4],  new 
polymeric  composite  materials  (PCM)  were  de¬ 
scribed  containing  polychlorotrifluorethylene 
(PCTFE)  as  the  matrix  and  disperse  vanadium 
dioxide  (\/02)  possessing  a  metal-semiconductor 
type  transition  (PTMS)  as  the  filler. 

The  PTMS  in  \/02  is  known  to  occur  in  the 
temperature  region  T  ~  340  K  and  to  be  accom¬ 
panied  by  the  reversible  jump-like  conductivity 
change  by  3  to  5  orders  of  magnitude  [5].  On  the 
other  hand,  in  the  temperature  region  T  ~  485  K, 
the  phase  transition  (melting)  in  PCTFE  takes 
place.  Experimental  data  [3,4]  evidence  to  a 
rather  strong  interaction  of  components  in  the 
PCTFE  +  MOi  system.  It  is  known  that  the  pres¬ 
ence  of  such  an  interaction  can  influence  substan¬ 
tially  the  phase  transition  parameters  in  the 
polymer  matrix  [2].  Therefore,  of  interest  is  to 
study  the  character  and  degree  of  the  influence 
mentioned  as  well  as  the  PTMS  parameters  be¬ 


haviour  for  VO2  included  in  the  polymer  matrix, 
as  depending  on  the  filler  content  in  PCM. 

The  aim  of  this  work  is  to  study  the  features 
of  phase  transitions  parameters  in  the  PCTFE- 
dispersed  \I02  system  in  the  range  of  components 
phase  instabilities. 

The  PCM  samples  for  the  investigation  were 
prepared  by  hot  pressing  method  at  523  K  under 
200  MPa  pressure;  the  melt  was  exposed  for 
20  min  and  cooled  subsequently  at  the  rate  of 
0.2  K/s  in  a  device  ensuring  the  reproducibility  of 
the  thermal  and  temporal  forming  conditions. 
Composition  containing  PCTFE  and  VO2  at  the 
content  of  the  latter  from  0. 1  to  3.0  mass  %  every 
0.5  %  and  from  55  to  95  %  every  5  %  were  pre¬ 
pared  from  suspensions  [6].  Specimens  were  made 
as  cylinders  of  7-20  mm  diameter  and  5-20  mm 
height,  the  butt  planes  were  parallel  to  within 
±0.01  mm.  The  B  grade  PCTFE  [7]  and  disperse 
vanadium  dioxide  obtained  by  the  solid  phase 
synthesis  method  according  to  reaction 
V2O3  +  V2O5  — >  4\/02  [3,8]  were  used  as  the  in- 
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itial  materials.  According  to  the  granulometric 
analysis  data,  the  VO2  consisted  by  about  80  % 
by  mass  of  1-10  |im  size  particles. 

The  heat  conductivity  coefficient  (X)  of  PCM 
was  measured  by  the  dynamic  method  of  mono¬ 
tone  heating  [9]  at  0.05  K/s  rate  on  the  modern¬ 
ized  IT-X-400  unit  in  the  continuous  regime.  The 
temperature  difference  on  opposite  butts  of  sam¬ 
ples  did  not  exceed  2  K.  The  specific  heat  capacity 
(Cp)  was  measured  by  means  of  a  differential 
scanning  calorimeter  on  the  diathermic  envelope 
[10].  The  relative  error  of  X  and  Cp  measured  val¬ 
ues  did  not  exceed  ±3  %  and  ±2.5  %,  respectively. 
Acoustic  properties  —  the  ultrasound  propaga¬ 
tion  velocity  (U)  and  absorption  coefficient  (a) 
were  determined  according  to  procedure  based  on 
the  combination  of  the  pulse-phase  and  echo- 
pulse  methods  [1 1]  on  5  and  7.5  MHz  frequencies 
at  293  K.  The  relative  error  of  U  and  a  measure¬ 
ments  was  ±0.75  and  ±5  %,  respectively. 

Fig.l  shows  the  experimental  dependence  of 
the  PCM  heat  conductivity  coefficient  (1),  as  well 
as  those  of  the  polymer  matrix  melting  heat  (2) 
and  melting  temperature  (3)  on  the  filler  concen¬ 
tration  for  the  low  filling  ratios  range.  It  is  seen 
that  the  PCM  heat  conductivity  increases  with  the 
VO2  concentration  rising  up  to  1.5  %,  with  sub¬ 
sequent  drop  in  the  1.5-3  %  concentration  region. 
The  expeiimental  relationship  X-f( Q  is  inconsis¬ 
tent  with  the  calculated  one  (curve  T)  obtained 
according  to  mixing  formulas  [12]  under  the  as¬ 
sumption  that  there  is  no  interaction  between  the 
polymeric  binder  and  filler,  what  evidences  an  ac¬ 
tive  influence  of  vanadium  dioxide  on  the  PCTFE 
supermolccular  structure. Moreover,  the  intro¬ 


duction  of  VO2  in  an  amount  of  0<C<1.5  %  leads 
to  a  progressive  diminishing  of  the  polymer  melt¬ 
ing  specific  heat  (^m)  and  temperature  (Tm)  (the 
Tm  value  was  taken  as  temperature  correspond¬ 
ing  to  the  melting  peak  maximum  of  the  Cp=f(T) 
curve,  Sm  was  determined  from  the  area  value  of 
peak  mentioned).  Therewith,  the  synribate  vari¬ 
ation  of  the  ultrasound  propagation  velocity  and 
of  the  acoustic  wave  absorption  coefficient  was 
also  observed  in  specimens  studied. 

The  experimental  data  presented  together 
with  the  IR  spectrometry  results  allow  to  the  con¬ 
clusion  that  the  crystallinity  degree  of  PCTFE 
varies  substantially  under  the  \/02  influence  in 
the  low  filling  region  of  PCM.  So,  the  decrease  of 
the  polymeric  matrix  melting  temperature  and 
heat  at  0<C<1.5  %  is  possibly  due  to  a  decrease  of 
the  large  crystallites  number.  The  experimentally 
observed  X  rise  of  PCM  at  the  crystallinity  degree 
drop  may  occur  as  a  result  of  the  molecular 
chains  orientation  in  the  polymer  layers  neig- 
bouring  to  the  filler  [13]. 

Investigation  of  PCTFE  +  VO2  system  by  the 
IR  spectroscopy  methods  has  revealed  the  pres¬ 
ence  of  characteristic  absorption  bands  (920-1080 
and  1250-1349  cm‘^);  the  appearance  thereof  can 
be  related  to  a  chemical  interaction  of  the  vana¬ 
dium  dioxide  surface  layer  with  PCTFE  macro¬ 
molecules  under  the  formation  of  bonds  in 
complexes,  most  likely  between  vanadium  and 
fluor  [14].  Such  an  interaction  is  responsive  for 
the  increase  of  PCM  structure-mechanical  char¬ 
acteristics  [3]  as  compared  with  those  of  initial 
VO2  and  PCTFE,  as  well  as  for  the  active  filler 
influence  on  the  composite  properties  (Fig.l). 

Experimental  dependences  of  the  polymer  ma¬ 
trix  melting  temperature  and  heat  on  the  VO2 
concentration  in  the  high  filling  range  of  PCM 
are  presented  on  Fig.2,a.  These  data  show  that 
the  Tm  and  Sm  values  are  influenced  substantially 
by  the  PCM  composition.  The  rise  of  those  char¬ 
acteristics  in  the  50<C<75  %  range  can  be  associ¬ 
ated  with  the  increase  of  the  PCTFE  crystallinity 
degree  which  grows  therewith  from  50  to  68  %  (as 
determined  from  the  specific  melting  heat  vari¬ 
ation).  The  Tm  and  Sm  drop  at  C>75  %  is  due  to 
the  decrease  of  the  polymer  matrix  ciystallinity 
degree  because  of  the  crystallite  size  limitations 
associated  with  the  polymer  shortage.lt  should  be 
noted  that,  in  the  high  filling  range,  the  fold  ciy  s- 
tallization  mechanism  may  be  replaced  by  the 
straight-chain  one.  A  similar  filler  influence  on 
polymer  properties  is  known  and  described  in 
[13]. 

Consideration  of  the  PTMS  temperature  and 
heat  (Tpims  and  5ptms,  respectively)  in  the  filler  as 
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functions  of  the  PCM  composition  indicates, 
however,  the  presence  of  an  unusual  phenome¬ 
non,  i.e.  the  active  influence  of  polymer  matrix  on 
the  phase  transition  parameters  in  vanadium  di¬ 
oxide  (Fig.2,b).  As  mentioned  above,  the 
PCTFE  +  VO2  system  is  characterized  by  the 
strong  enough  interaction  between  polymer  mac¬ 
romolecules  in  the  boundary  layer  and  filler;  this 
interaction  is  due  to  chemical  factors,  besides 
physical  ones.  Therefore,  it  can  be  suggested  that 
the  structural  transformations  of  the  VO2  parti¬ 
cles  in  the  course  of  PTMS  occur  under  some 
polymer  matrix  influences,  e.g.  by  means  of  elas¬ 
tic  or  electrical  forces  (note  that  the  PTMS  in 
VO2  may  take  place  due  to  the  pressure  or  electri¬ 
cal  field  action  [15]). 

In  fact,  as  the  filler  concentration  grows,  the 
volume  of  polymer  being  in  the  boundary  layers 
neighbouring  to  VO2  particles  increases  rela¬ 
tively,  up  to  the  overlap  of  such  layers.  There¬ 
with,  the  elasticity  module  of  composite  and  its 
apparent  density  increase,  while  the  porosity  re¬ 
duces  [3].  With  the  chemical  bond  between  the 
\I02  surface  and  polymer,  distortion  occurring  in 
the  filler  particle  at  a  structure  reconstruction  in 


Tm  ,  K  Sm,  a.u. 


the  course  of  PTMS  can  pass  to  the  whole  matrix; 
the  response  of  the  latter  will  depend  obviously 
on  the  composite  filling  degree.  The  elastic 
stresses  arising  thereat  may,  in  turn,  propagate 
over  the  whole  volume  of  VO2  particle  and  con¬ 
tribute  to  the  change  (increase)  of  thermody¬ 
namic  characteristics  of  the  filler  and,  therefore, 
of  the  composite  as  a  whole,  what  is  in  fact  ob¬ 
served  in  the  concentration  range  50<C<85% 
(Fig.2,b). 

In  our  case,  it  is  characteristic  that  the  poly¬ 
mer  matrix  area  adjoining  the  filler  particle  con¬ 
tributes  substantially  to  the  Tptms  and  S’ptms 
changes  for  the  metal-semiconductor  phase  tran¬ 
sition  it  the  composite.  The  presence  of  such  areas 
is  showed  by  us  at  the  study  of  the  ultrasound 
dissipation  coefficient  in  the  composite  material 
by  the  two-frequency  technique  [3].  In  the  region 
of  C  >  85  %,  a  decrease  in  the  PTMS  heat  and 
temperature  in  VO2  is  observed  (Fig.2,b)  which 
can  be  associated  with  the  shortage  in  binder  and 
reduction  of  the  relative  part  of  the  \J02  surface 
coated  by  the  polymer.  The  latter  instance  causes 
the  increase  of  macroporous  volume  and  the 
sharp  drop  of  the  composite  physico-mechanical 
characteristics. 

Thus,  this  work  has  showed  that  the  disperse 
vanadium  dioxide  is  an  active  regulating  agent 
for  the  PCTFE  supermolecular  structure.  Also, 
the  phenomenon  of  the  polymeric  matrix  influ¬ 
ence  on  paramerers  of  the  metal-semiconductor 
phase  transition  in  the  filler  of  the  PCTFE  +  VO2 
system  is  first  revealed  and  investigated.  The  data 
obtained  indicate  a  basic  possibility  to  change  the 
properties  of  the  polymer  matrix-functional  filler 
type  solid  systems  as  compared  to  components 
conditioning  those  properties.  The  phenomenon 
observed  is  due,  in  our  opinion,  to  the  mutual 
overlapping  of  the  polychlorotrifluorethylene  lay¬ 
ers  adjoining  the  filler  and  to  corresponding  pa¬ 
rameter  change  of  the  polymer  matrix  influence 
on  the  vanadium  dioxide  electronic  structure. 
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Iiccjie.qoBaHHe  napaivieTpoB  4)a30Boro  nepexo.Dia  b  KOivinoHeHTax 
CHCTeiVfbl  n0JlHXJ10pTpH(|)T0p3THJieH - .^HOKCHA  BaHa.aiifl 

n.A.Bo3HbiH,  n.n.ropGHK,  B.B.JIeBaHaoBCXHH,  B.A.HaropHbiH, 
B.M.OreHKO,  JT.K..HHHeBCKHH 


HsyHeHbi  saBHCHMOCTH  TeMnepaxypbi  h  xeruioTbi  (J)a30Bbix  nepexo^IOB  b  KOMnoneHTax  cHcreMbi 
nOJIHXJIOpTpH(})TOp3THJieH  (HXTOD)  -  AUCnepCHblH  BaHa4H5I  OT  KOHqCHTpaUHH  VO2. 

HoKasaHO,  hto  VO2  HBJiHercH  aKTHBHbiM  peryjiHTopoM  HanMOJieKyjiapHOH  crpyKxypbi  nXT03. 
06Hapy)KeHO  h  Hccjie^loBaHO  bjih^hhc  B03;teHCXBH5i  nojiHMepHon  MaxpHUbi  na  napaMerpbi  4)a30Boro 
nepexon;a  Mexajin-nojiynpoBoriHHK  (OHMII)  b  HanojiHHxejie.  HoKaaaHo,  hxo  cymecxBCHHbiH  BKJiart  b 
H3MeHeHHe  xeMnepaxypbi  h  xeriJioxbi  OHMII  b  ^noKCH^ie  Bana^lHH  bhocax  o6jiacxn  nojiHMepHOH 
NiaxpHUbi,  rpaHHuaiuHe  c  uacxHuaMH  HanojiHHxejm. 
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The  solid  solutions  of  the  K(N03)i-x  (CI03)x  have  been  synthesized  with  0^<0.20.  The  phase  diagram 
has  been  constructed.  The  existence  of  the  ferroelectric  phase  III  of  potassium  nitrate  in  a  wide  temperatur 
range  have  been  proved  by  the  X-ray  structure  analysis. 

CHHxesoBaHo  Tsep^i  posHHHH  cncreUH  K(NG3)i.x  (ClQs)^  3  O^^O.IO.  no6y^toBaHO  jtrarp^My 
4)a30BHx  craniB.  MeroAOM  peHTreHocrrpyKTypHbfo  anajiisy  ^^0Ka3aHb  icHyBannH  cerHeToeneKTpHHHoi 
(jiasH  III  Hixpaxy  Kajiiio  B  uiHpOKOMy  iHTepfeajiiXeMnepaTyp. 


If  potassium  nitrate  crystals  were  possessing 
the  ferroelectric  (FE)  properties  and,  in  conse¬ 
quence,  nonlinear  ones,  they  would  be  promising 
for  use  as  electro  optic  elements  having  a  high 
bulk  optical  strength.  Unfortunately,  however, 
the  FE  state  in  potassium  nitrate  (so-called  phase 
III)  is  realized  only  in  a  narrow  temperature 
range  near  the  Curie  point  (125—1 15  ""C)  and  re¬ 
veals  only  at  the  cooling  of  specimens  [1—3].  A 
number  of  attempts  was  made  to  widenthe  tem¬ 
perature  range  of  the  FE  phase  stability  and  to 
shift  it  towards  the  room  temperature  at  least. 
For  this  purpose, the  ionic  substitutions  in  the 
cationic  sublattice  were  accomplished  either  by 

Rb'’  [2,4]  or  by  NH|  ions  [2,5,6].  In  both  cases 
some  extension  of  the  FE  state  realization  was 
achieved,  and  the  FE  phase  was  revealed  during 
specimens  heating.  The  temperature  range  of  the 
FE  phase  existence,  however,  remained  narrow 
enough  and  did  not  descend  lower  than  40  °C. 

The  aim  of  this  work  was  to  obtain  samples  of 
the  potassium  nitrate  basis  in  the  FE  state  by  the 

substitution  of  the  N  Q  anionic  group  by  the 
CIO3  group,  i.e.  to  obtain  the  FE  solid  solutions 
of  the  K(N03)i-x  (CI03)x  family  0  <  x  <  0.20.  It  is 
the  isostructurality  of  anionic  groups  in  both 


KNO3  and  KCIO3,  which  was  the  prerequisite  for 
the  choice  of  just  this  investigation  direction. 

Samples  for  experiments  were  obtained  either 
by  the  melting  of  the  compounds  mixture  or  by 
combination  of  melting  and  solid  state  synthesis. 
X-ray  structure  investigations  were  performed  on 
"Siemens"  X-ray  diffractometer  D-500  using  the 
Ni-filtered  CuKa  radiation.  The  phase  transitions 
points  of  solid  solutions  under  study  were  deter¬ 
mined  by  differential  calorimetry  on  the  "Mettler" 
TA  3000  Differential  Scanning  Calorimetric  Sys¬ 
tem. 

Fig.  1  shows  diffraction  patterns  of  the  solid 
solutions  having  x  =  0.05;  0.10;  0.15  and  0.20.  As 
it  is  seen  from  these  results,  there  are  no  unre¬ 
acted  components  in  the  compounds  obtained. 
Also  absent  are  the  possible  decomposition  prod¬ 
ucts  ofinitial  components.  The  crystallographic 
structure  of  the  solid  solutions  with  x  =  0.05  is 
identical  to  that  of  potassium  nitrate  at  the  room 
temperature  (so-called  phase  II).  The  X-ray  dif¬ 
fraction  pattern  of  the  solid  solution  with 
X  =  0.10  contains  the  reflections  corresponding 
both  to  phase  II  and  phase  III  of  potassium  ni¬ 
trate.  Reflections  corresponding  any  other  struc¬ 
tures  are  absent.  This  indicates  that  at  the  room 
temperature  the  non-ferroelectric  potassium  ni¬ 
trate  phase  II  and  ferroelectric  one  III  are  co-exis- 


164 


Functional  materials,  2,  7,  1995 


Letter  to  the  Editor 


Fig.  1 .  X-ray  difTractron  patterns  of  solid  solutions  of 
the  K(N03)i-;c  (CI03)jc  system.  Reflexions  are  related 
to  following  structure  modifications  of  potassium  ni¬ 
trate:  I  —  phase  II,  II  —  phase  III,  III  —  phase  IV 
(suppositively). 

tent  in  the  solid  solution  K(N03)o.9(C103)o.i.  On 
the  X-ray  pattern  obtained  from  the  solid  solu¬ 
tion  with  x  =  0.15  only  reflectes  corresponding  to 
the  FE  phase  III  of  potassium  nitrate  are  present. 
The  mainset  of  the  diffraction  reflections  from 
the  sohd  solution  with  a:  =  0.20  corresponds  also 
only  to  the  FE  phase  III  structure.  Besides,  how¬ 
ever,  week  lines  are  present  which,  in  our  opining, 
are  associated  with  the  potassium  nitrate  phase 
IV  stture.  To  answer  this  question  more  accu¬ 
rately,  we  intend  to  obtain  and  study  solid  solu¬ 
tions  having  x  >  0.20. 

Thus,  the  experimental  data  obtained  allow  to 
state  unambiguously  that  in  the  synthesized  solid 
solutions  of  the  K(N03)i-jc  (CI03);c  with  a:  >  0.10 
the  FE  phase  of  potassium  nitrate  is  reahzed  at 
ambient  temperature.  The  well-defined  dielectric 
hysteresis  loops  correspond  to  this  phase  in  solid- 
solutions  menti-  oned;the  remanent  polarization 
Fr  has  a  value  (9-10)  pC/cm^,  which  is  close 
enough  to  the  potassium  nitrate  polarization  in 
the  metastable  phase  III. 

The  temperature  range  of  stability  for  each 
phase  of  solid  solutions  studied  are  presented  on 
the  phase  state  diagram  (see  Fig.2).  The  melting 
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Fig.2.  Phase  diagram  of  K(N03)i.jc(CI03)x 
(0^x^0.20)  solid  solutions. 

temperature  of  solid  solutions  decreases  linearly 
as  the  potassium  chlorate  content  raises: 
{dTwqldx)  =  1.7  ®C.  The  potassium  chlorate  con¬ 
tent  increase  in  the  solid  solutions  results  in  a 
maiked  elevation  of  the  temperature  of  phase  tran¬ 
sition  into  theparaelectrie  (PE)  state  (into  the  phase 
I  of  potassium  nitrate).  This  phase  transition  is  aq- 
companied  by  a  well-defined  maximum  on  tem¬ 
perature  dependence  of  dielectric  constant.  The 
transition  point  between  FE  phase  III  and  nonfer- 
roelectric  phase  II  is  difficult  to  determine  by  the 
calorimetric  method, since  the  temperature  range  of 
both  phase  coexistence  is  broad  enough,  and  transi¬ 
tion  occurs  in  a  gradual  manner.  It  is  hard  to  estab¬ 
lish  also  using  the  temperature  dependence  of 
dielectric  constant  for  reason  mentioned  above  as 
well  as  because  of  small  dielectric  constant  values. 
Therefore,  on  Fig.2  the  line  of  the  transition  phase 
III  —  phase  II  is  showed  by  a  broken  line.  The 
boundary  between  these  phases  and  temperature 
range  of  their  coexistence  are  intended  to  be  deter¬ 
mined  more  precisely  by  X-ray  method. 

Thus,in  this  work  the  solid  solutions 
K(N03)i-;c  (CI03)x  are  shown  to  be  synthesized 
which,  at  x^O.lO,  have  the  structure  of  potas¬ 
sium  nitrate  phase  III  and  possess  the  ferroelec¬ 
tric  properties  in  a  wide  temperature  range. 
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